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ABSTRACT OF DISSERTATION 
 
 
 
 
 
CATALYTIC CONVERSION OF MONOSACCHARIDES INTO 5-
(HYDROXYMETHYL)FURFURAL IN IONIC LIQUIDS USING ALUMINUM 
COMPLEXES BEARING BIDENTATE (AMINOMETHYL)PHENOLATE LIGANDS 
 
Currently, the major sources of fuel, energy, and chemicals are nonrenewable fossil 
resources such as petroleum, natural gas, and coal. Additionally, petroleum is used for the 
production of most transportation fuels and for the production of about 95% of organic 
chemicals. However, the production and use of non-renewable fossil fuels are 
unsustainable. For economic and environmental sustainability, there is a need to search for 
new and/or renewable resources and technologies for energy, fuels, and chemicals 
production that have the potential of effectively substituting fossil resources. In this 
context, lignocellulosic biomass is one of the candidates that meet these requirements due 
to its abundance and renewability. Lignocellulosic biomass-derived sugars can be 
chemically converted into 5-(hydroxymethyl)furfural (HMF), a versatile platform 
chemical that can used to generate intermediates for the production of biofuels and 
chemicals. In this dissertation novel catalytic processes for converting monosaccharides 
into HMF are described.  
In chapter one, a literature review of the significance of HMF and the chemical 
intermediates derived from HMF is presented. The chapter also describes some of recent 
developments in the catalytic production of HMF from lignocellulosic sugars using 
homogeneous and heterogeneous catalysts. Chapter two discusses the catalytic activity of 
dimethylaluminum complexes bearing (aminomethyl)phenolate ligands that I developed 
for converting glucose to HMF in ionic liquids. A systematic study on the effects of 
modification of the aluminum ancillary ligands on the efficiency of glucose conversion is 
presented. High HMF yield were obtained with substitution of an aryl substituent on the 
amino groups of the (aminomethyl)phenolate ligands. 
In an effort to improve HMF yield, the effects of modifying the ligands on the phenolate 
moiety of the (aminomethyl)phenolate ligands were investigated in chapter three. Using 
bulky ortho-phenoxide substituents achieved high HMF yields. The selectivity for HMF 
production with respect to fructose dehydration was also discussed, together with 
spectroscopic characterization of the polymeric humins produced from the dehydration 
reactions. In chapter four a study of the structural differences of poor vs. effective 
dimethylaluminum complexes bearing (aminomethyl)phenolate ligands is described. 
  
Insights from this study shows that different precatalyst intermediate could be formed 
depending on the aluminum complex used, which in turn affects HMF selectivity of 
dehydration reactions. The isomerization of glucose to fructose using aluminum complexes 
in N-methyl-2-pyrrolidone (NMP) is discussed in chapter five. Using NMR spectroscopy 
on isotopically labeled glucose, a mechanism for glucose isomerization to fructose is 
presented. Finally, chapter six gives a summary and describes potential future directions 
for the research detailed in this dissertation. 
 
 
KEYWORDS: glucose; fructose; 5-(hydroxymethyl)furfural; aluminum catalysts; humins; 
isomerization. 
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 Introduction and literature review 
1.1. Introduction 
There is no doubt that for civilization to thrive one of its basic requirements, energy, 
must be readily available. Pillars of modern society such as technological development, 
scientific accomplishment, and cultural advancement are supported by energy. Currently, 
the major source of energy and chemicals is from the nonrenewable fossil fuels: petroleum, 
coal, and natural gas. A fossil fuel is formed from organic matter that was chemically 
altered under intense heat and pressure over thousands of years. In addition to being a 
source of energy and fuel, about 95% of chemicals are derived from petroleum.1 As the 
world’s population increases and the living standards improve significantly, so does the 
demand for energy and chemicals. However, the supply of fossil fuels such as petroleum 
is finite and it will not be able to meet the Earth’s energy need indefinitely.2 In fact, it is 
argued that petroleum production will peak in the near future.3 Therefore, it is imperative 
that alternative sources and technologies for energy, fuels, and chemicals production be 
developed to at least augment the existing petroleum-based sources. 
As a renewable energy resource, biomass is a promising alternative to petroleum. 
Biomass can be defined as organic matter derived from living, or recently living organisms. 
It is commonly referred to as plants or plant-based materials which are not used for food 
or feed and are specifically called lignocellulosic biomass. Biomass resources include 
grasses, wood and wood wastes, agricultural crops and residues, municipal solid waste, 
animal wastes, waste from food processing, aquatic plants and algae.4 Other renewable 
alternative sources of energy include solar, wind, geothermal, nuclear, and hydropower. 
Even though none of the listed resources can exclusively meet all the energy demands we 
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have for the future, the potential contribution of lignocellulosic biomass is significant 
because of its abundant world-wide distribution. The global annual production of biomass 
is estimated at 170 billion metric tons.5 Moreover, biomass plays a significant role in 
carbon balance because the carbon dioxide (CO2) generated during utilization can be offset 
by CO2 fixation through photosynthesis by plants.  
1.2. Lignocellulosic Biomass and Biofuels 
In the past two decades increasing attention has been devoted to the utilization of 
lignocellulosic biomass as feedstocks for the production of transportation fuels and 
chemicals, specifically because of its renewability, abundance, and world-wide 
distribution. Unlike fossil fuels which come from plants that existed many years ago, fuels 
from biomass (commonly referred to as biofuels) are produced from plants grown today. 
Biofuels are considered cleaner-burning than fossil fuels because there is no net emission 
of CO2 to the atmosphere. The short cycle of growing the plants and burning fuel produced 
from them makes biofuels a carbon-neutral resource.6 It is reported that ethanol produced 
from various biomass resources have the potential to reduce greenhouse gas emissions by 
86%.7  
Depending on the origin and production technology, biofuels are broadly classified into 
two categories: first and second-generation biofuels. First generation fuels are generally 
obtained from feedstocks such as sugarcane, corn starch and vegetable oil, from which 
products such as ethanol and biodiesel are obtained. These feedstocks are in the human 
food chain and their use in the production of fuel has become controversial as there are 
million people in the world without sufficient food. Moreover, the quantity that can be 
produced commercially is rather limited compared to the total demand of fuels and 
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chemicals. Therefore, these feedstocks can only be used as transitional solutions to fuels 
and chemicals requirement of a growing world population. Second generation biofuels are 
produced from non-food-based lignocellulosic materials such as agricultural residues, 
forest residues, industrial wastes, municipal solid wastes, and dedicated energy crops.8 
From a long-term perspective, the utilization of these feedstocks for energy production is 
much desirable. However, technological issues arising from the structural rigidity and 
chemical inertness of lignocellulosic biomass limits its utility for economical production 
of second generation biofuels. 
1.3. Composition of lignocellulosic biomass 
Lignocellulosic biomass is mainly composed of cellulose, hemicellulose, and lignin, 
along with other organic materials such as pectin, protein, extractives (soluble materials 
such as nonstructural sugars, nitrogenous materials, chlorophyll, and waxes), and ash.6 
Figures 1.1 and 1.2 show representative structures for cellulose, hemicellulose, and lignin.9-
10,11 The relative composition and ratio of these constituents can vary depending on the 
species and age of the plant, stage of growth, and other conditions.9 For example, in 
hardwood cellulose comprise 40–45% by weight, 24–40% hemicellulose, and 18–25% 
lignin whereas in wheat straw the composition are about 30%, 50%, and 20%, 
respectively.12 
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Figure 1.1. Structure of (a) cellulose and (b) hemicellulose fragments. 
 
Cellulose (along with lignin) is the most abundant biopolymer in wood. It is a linear 
polymer consisting of D-glucose monomers linked via β-(1,4)-glycosidic bonds. Each 
glucose residue is at 180° relative to its neighbors, forming cellobiose as the basic repeat 
unit established through this linkage.13 These molecules form long cellulose chains, 
commonly known as microfibrils, which are linked together by numerous intra- and inter-
molecular hydrogen bonds and van der Waals forces. In biomass, cellulose can appear as 
both crystalline and amorphous forms even though crystalline cellulose comprises the 
major proportion. A small percentage of non-organized cellulose chains form amorphous 
cellulose. In this form, cellulose is more susceptible to enzymatic degradation.14 
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Figure 1.2. Structure of lignin. The structure was obtained from US8075637 patent.10  
 
Hemicellulose is a complex polysaccharide comprising of L-arabinose, D-galactose, 
D-glucose, D-mannose, D-xylose, 4-O-methyl-glucoronic, D-galacturonic, and D-
glucuronic acids.15 The sugar monomers in hemicellulose are linked by β-(1,4)-glycosidic 
bonds and occasional β-(1,3)-glycosidic bonds. Additionally, some degree of acetylation 
and methylation occurs in hemicellulose. The homopolymers and heteropolymers present 
in hemicellulose are readily hydrolyzable compared to cellulose.16 Lignin is a highly 
complex amorphous heteropolymer consisting of phenylpropane units connected together 
by different types of linkages. It is present in the plant cell wall imparting structural 
support, impermeability, and resistance to microbial attack.17 Lignin is comprised of three 
phenyl propionic alcohol monomers namely, coniferyl alcohol (guaiacyl alcohol), 
coumaryl alcohol (p-hydroxyphenyl propanol), and sinapyl alcohol (syringyl propanol).18 
(c) Lignin  
  
6 
 
1.4. Approaches for the Conversion of Lignocellulosic Biomass into Fuel and 
Chemicals  
Lignocellulosic biomass is characterized by a high functionality of oxygenated 
compounds. The main goal in converting biomass to renewable fuels and chemicals is the 
removal of oxygen and formation of C–C bonds to control the molecular weight of the final 
products.19 Biomass feedstocks must first be pretreated before the oxygenated compounds 
could be removed. A comprehensive review of pretreatment processes is available in 
literature.6, 20-21 Secondly, biomass must be defunctionalized and broken down to simpler 
molecules. The typical processes used for deconstruction of lignocellulose are classified 
into three major categories based on the reaction conditions used and the temperature range 
applied. These pathways, shown in Scheme 1.1, include gasification, hydrolysis, 
liquefaction, and pyrolysis. These approaches are briefly discussed in this section. 
 
 Catalytic hydrolysis 
For lignocellulosic biomass with a high content of cellulose, catalytic acid hydrolysis 
is commonly used. Acid hydrolysis involves the use of both inorganic and organic liquid 
acids as catalysts for the depolymerization of cellulosic material into its monomeric 
sugars.22-25 Enzymatic hydrolysis26 is also a common route used for depolymerization of 
biomass. In hydrolysis, biomass is first subjected to various pretreatment processes aimed 
at reducing cellulose crystallinity, increasing the surface area, and separation of cellulose 
from lignin.  
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Scheme 1.1. Catalytic processes for converting biomass to fuels and chemicals. Adapted 
from reference.19 FTS is Fischer–Tropsch synthesis. 
 
Typically, the products from both liquid acid and enzymatic hydrolysis are sugars such 
as glucose, xylose, arabinose, cellobiose, and oligosaccharides. Secondly, the oligomers 
can further be converted to monomeric sugars which are either fermented to produce 
ethanol or further transformed to potential fuel molecules and fine commodity chemical 
precursors. The most commonly used liquid acid catalysts for acid hydrolysis of 
lignocellulosic biomass is sulfuric acid (H2SO4). The reactions are usually conducted at 
temperatures ranging from 90–260 ºC and under atmospheric or higher pressure. Other 
than the use of traditional liquid acids, much attention has also been devoted to the use of 
solid catalysts27-28 for the hydrolytic conversion of lignocellulosic biomass. 
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 Liquefaction 
Catalytic liquefaction (also called hydrothermal liquefaction) of lignocellulosic 
biomass is carried out in water, which acts both as a solvent and a catalyst, at high 
temperatures (280 to 370 °C) and pressures (10 to 25 MPa).29 Liquefaction is aimed at 
production of low molecular-weight organic liquid products usually in the C2 to C6 range 
as opposed to formation of sugar products. This is achieved by deep degradation and 
decomposition of biomass through dehydration, isomerization, decomposition, and 
rearrangement. Major products of this process are bio-crude, bio-oil, gases, char, and 
water-soluble compounds.30 The bio-oil obtained has high energy content and can further 
be upgraded to liquid hydrocarbon fuel components. Several recent reviews in literature 
discuss the different ways for upgrading of bio-oils.31-32 
The main attractive feature of liquefaction is that it does not require initial drying of 
biomass feedstocks thus substantially reducing the energy costs associated with the drying 
process. Moreover, the process is usually conducted in only one reactor which makes it 
relatively simple, thus lowering capital cost.24 One of the disadvantages of liquefaction is 
poor selectivity because a mixture of low value compounds, including char, are usually 
obtained. Additionally, separation of the reaction products can become a challenge, 
especially when complex and unstable liquid products are formed. 
 
 Pyrolysis 
Pyrolysis is the thermal decomposition of biomass at high temperatures (usually 400 to 
600 °C) in the absence of oxygen.19 At these reaction conditions, an array of vapor phase 
products is obtained which upon cooling constitute a liquid mixture containing more than 
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300 compounds collectively known as bio-oil. Pyrolysis is generally categorized into fast 
or slow pyrolysis. Slow pyrolysis usually takes several hours to complete. The main 
product is biochar which can only be used to generate energy by combustion. On the other 
hand, fast pyrolysis takes very short residence time (seconds) to complete and is usually 
preferable for the production of a high yield of liquid bio-oil and less char.33 Moreover, 
fast pyrolysis requires very high heating and heat transfer rates, carefully controlled 
reaction temperatures, and rapid cooling of the vapors produced to promote formation of 
bio-oil.  
The liquid bio-oil obtained from pyrolysis depends on the type of biomass used, 
temperature, residence time, and by-products separation. It is important to note that in fast 
pyrolysis the biomass feed must be dried (up to less than 10% water content) to minimize 
the water content in the liquid products. Additionally, the feedstocks need to be finely 
grounded prior to pyrolysis to facilitate rapid reaction.33 
 
 Gasification 
Gasification is the partial combustion of biomass at high temperatures (over 700 °C) in 
the presence of air and/or steam to produce synthesis gas, or syngas, a fuel gas mixture 
consisting mainly of carbon monoxide (CO), hydrogen gas (H2), and sometimes small 
amounts of carbon dioxide (CO2).
34 Syngas is used in the production of liquid fuels such 
as gasoline and diesel through Fisher-Tropsch Synthesis (FTS).35 It is also used for the 
production of dimethyl ether (a diesel substitute) and alcohols, through microbial 
conversion.36 The gas composition from gasification depends on the biomass feedstocks, 
the amount of water in the biomass, gasification conditions, and the gasifier agents. Some 
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of the challenges of gasification include the formation of high molecular weight 
hydrocarbons known as tars. Tars and impurities formed during gasification can condense 
in exit pipes and filters causing blockage. This affects downstream processes such as FTS.37 
 
1.5. HMF and its relevance as a platform chemical 
5-(Hydroxymethyl)furfural (HMF) is a heterocyclic furan molecule with an aldehyde 
and hydroxymethyl groups at the 2 and 5 positions, respectively. The unique chemical 
structure of HMF makes it a key intermediate for the synthesis of chemicals. First, its 
bifunctionality in the 2 and 5 positions confers the ability to either be oxidized or reduced 
to a dicarboxylic acid or a diol, respectively, both of which are precursors for commodity 
materials. Secondly, HMF is a relatively unsaturated aromatic molecule which can be 
converted into fuels by hydrogenation. Finally, there is an array of significant biological 
molecules with pharmaceutical applications with a heterocyclic structure similar to that of 
HMF.38  
Fundamentally, HMF is mainly produced from the furanose form of hexoses by the 
loss of three water molecules as shown in Figure 1.3.39-40 It has been shown to form from 
heating sugars under acidic conditions.39 Moreover, HMF has also been detected in food41, 
drinks42, honey43, and  baking products.44 A daily intake of HMF is estimated to be 30–150 
mg per person but it can be toxic when ingested at concentrations above 75 mg per kg of 
body weight.45 Other than being a common contaminant in foodstuffs, HMF has the 
potential to be converted into an essential commodity. 
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Figure 1.3. Dehydration of hexoses to HMF 
 
 HMF is a precursor to various furan derivatives  
HMF has emerged as an important platform chemical whose follow-up products can 
be converted to biofuels and a broad range of chemicals which are currently produced from 
petroleum.46 HMF has been referred as one of the furanic “sleeping giants” owing to its 
enormous potential in the bio-based economy.46-47 It holds a key position in the production 
of biomass-derived intermediates and is one of the few privileged chemicals that can be 
readily synthesized from renewable biomass resources, and it bridges between 
carbohydrate chemistry and the petrochemical industry. Various 2,5-disubstituted furan 
derivatives that can be produced from HMF through simple chemical transformations have 
the potential of replacing key petroleum-based building blocks. A few examples are shown 
in Figure 1.4 and their significance is briefly discussed in this section.  
In recent years, 2,5-furandicarboxylic acid (FDCA) has received a lot of attention due 
to its wide application in a variety of fields. The United States Department of Energy has 
listed FDCA as one of the top-12 value added chemicals from biomass.48 FDCA can be 
produced by selective oxidation of HMF. Various methods and different types of supported 
metal catalysts, with molecular oxygen as the main oxidant, are used in oxidation of HMF. 
There are also reports on the direct conversion of carbohydrates to FDCA. Interested 
readers are referred to the recent literature reviews.49 
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Figure 1.4. Furan derivatives from HMF. 
 
FDCA can be used as a building block for the production of bio-based polymers such 
as polyamides, polyesters, and polyurethanes.50-52 In particular it is a potential substitute 
for the petrochemical-derived terephthalic acid which is used commercially as a monomer 
in polyethylene terephthalate (PET) plastics. PET is used for the manufacture of films, 
fibers, and bottles for packaging of water, soft drinks and juices.53-55 Polyethylene 
furanoate (PEF), a promising bio-based polymer with the potential of replacing PET, is 
produced by the esterification of ethane-1,2-diol and FDCA. PEF has been shown to have 
similar properties to the petroleum-based PET. FDCA has also found applications in 
organic synthesis, pharmacology, and metal-organic framework materials.56-57  
Another important furanic compound derived from HMF is 2,5-dimethylfuran (DMF), 
a promising liquid transportation fuel. It is reported that the energy density of DMF (31.5 
megajoules per liter (MJ/L)) is comparable to that of gasoline (35 MJ/L), and it is 40% 
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greater than that of ethanol (23 MJ/L).58 Additional properties that make DMF a potential 
alternative liquid fuel are its high research octane number59, low volatility (compared to 
ethanol), immiscibility with water, and it can be easily blended with gasoline.58, 60 DMF is 
produced by catalytic hydrogenation and hydrogenolysis of HMF.61-64 Cu-Ru/C and Pd/C 
are examples of catalysts used for this conversion. Román-Leshkov et al. reported a 
catalytic strategy for the synthesis of DMF from fructose. The process involved acid-
catalyzed dehydration of fructose to HMF in a biphasic reactor which was subsequently 
converted to DMF over a Cu-Ru catalyst.65  
2,5-Diformylfuran (DFF) is yet another important furanic chemical that can be obtained 
from HMF. It is synthesized via selective oxidation of HMF. Various catalytic systems 
reported for selective aerobic oxidation of HMF to DFF include ruthenium-, manganese-, 
vanadium-, iron-, and cobalt-based catalysts.66-69 A comprehensive review on the 
production of DFF has been provided by Tong et al.70 DFF is a useful intermediate in many 
industrial applications such as drug synthesis, production of polymeric materials (e.g. 
resins), adhesives, and fungicides.71-75  
2,5-Bis(hydroxymethyl)furan (BHMF) is produced by selective hydrogenation of the 
C=O bonds in DFF or HMF over conventional hydrogenation catalysts using water as a 
solvent at high temperatures and H2 pressures. Examples of these catalysts include Raney 
nickel, Pt/Al2O3, and Co/SiO2.
70 BHMF can be converted into bio-based polyesters and 
polyethers that are used as components in polyurethane foams.76 Moreover, it is a potential 
precursor in the synthesis of drugs, crown ethers77, polymers, artificial fibers, and resins.78 
Selective hydrogenation of the C=O groups in HMF and DFF and on the ring can give 2,5-
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bis(hydroxymethyl)tetrahydrofuran (BHMTHF). BMHTHF can be used in the synthesis of 
polyesters, solvents, and other high-value chemicals such as 1,6-hexanediol.79-81 
Levulinic acid (LA) is considered to be among the most important platform chemicals 
that can be obtained from HMF because of its reactive ketone and acid groups. 
Additionally, it can be obtained from cheap lignocellulosic biomass wastes. LA is formed 
through hydration of HMF in acidic media, with the formation of an equimolar amount of 
formic acid.82 It can also be synthesized from furfural (a furan component that can be 
obtained from hemicellulose). Furfural is first hydrogenated to furfuryl alcohol, followed 
by hydrolysis to LA. One of the most promising approaches for industrial production of 
LA from lignocellulosic feedstocks is the Biofine process.83 This process consists of two 
reactors. In the first reactor, lignocellulose is rapidly converted into HMF using sulfuric 
acid (1.5–3 wt %) at a pressure of 25 bar and a temperature of 200–220 °C. The HMF from 
the first reactor is continuously fed into a second reactor (190–200 °C, 14 bar, 20 min) to 
produce LA at yields of 50% based on the amount of hexoses in the feedstock.  
LA is a precursor to levulinate esters which are used as solvents, synthesis of 
plasticizers in the food industry, and fuel additives.84-85 LA is also used in the production 
of γ–valerolactone which is used as a food and fuel additive, in the production of perfumes, 
and a precursor to green solvents.86-87 Other platform chemicals synthesized from LA 
include 2-methyltetrahydrofuran88, aromatic hydrocarbons89, liquid hydrocarbon fuels90, 
and valeric biofuels.91   
1.6. Ionic liquids 
Ionic liquids (IL) are a class of molten salts that are liquids below 100 °C or even at or 
below room temperature, i.e., room temperature ionic liquids, (RTIL).92 ILs have been 
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known for over 120 years. For example, Gabriel and Weiner reported the first IL, 
ethanolammonium nitrate, in 1888.93 The first RTIL, ethylammonium nitrate (with a 
melting point of 12 °C), was reported by Walden in 1914.94 Initially, ILs were proposed to 
provide a useful extension of the range of solvents for synthetic chemistry.95 However, it 
is only in the last few years that the potential of ILs as solvents for synthesis and catalysis 
have been discussed in literature.95-99  
Over the last few decades, ILs have received a lot of attention in lignocellulosic 
biomass conversion and carbohydrate chemistry. This is because ILs have been shown to 
dissolve cellulose and sugars and used as solvents in the conversion of carbohydrates to 
various molecules, such as HMF. Carbohydrates are the main source of HMF. 
Consequently, it is noteworthy to briefly discuss their properties. They are synthesized 
through photosynthesis and they contain carbon, hydrogen, and oxygen in a 1:2:1 ratio. 
There are various isomers of carbohydrate sugars. Carbohydrates are soluble in aqueous 
environments. They do so by forming hydrogen bonds with solvents and/or other molecules 
through their hydroxyl groups. Moreover, carbohydrate monomers can undergo 
polymerization, forming inter- and intra-strand hydrogen bonds. Consequently, 
carbohydrates are more recalcitrant toward dissolution and thus insoluble in most solvents. 
Only a few solvents can form hydrogen bonds with carbohydrates, thus dissolving them. 
ILs are one category of the few solvents that form hydrogen bonds and thus can dissolve 
carbohydrates.     
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 Structure and properties of ionic liquids 
ILs consist entirely of a cation and an organic/inorganic anion.100 Figure 1.5 shows 
examples of common cations (i.e., N,N–dialkylimidazolium, N–alkylpyridinium, 
alkylphosphonium, and alkylammonium) and anions (for example, halides, 
tetrafluoroborate, hexafluorophosphate, acetate, bis–[(trifluoromethyl)sulfonyl]imide 
(NTf2
–), and so on).101 The possibility of combining different cations and anions can lead 
to countless ILs and it has been estimated that up to 108 combinations exist.102,103 By using 
the numerous combinations, ionic liquids can be customized to obtain specific properties 
tailored to specific functions. One example of such a function is the solubilization of 
lignocellulosic polysaccharides, and various literature reviews discuss the dissolution of 
cellulosic material in ionic liquids.104-106   
ILs are prepared mainly through metathesis of a halide salt of an organic cation with a 
group 1 metal or ammonium salt containing the desired anion. On the other hand, the halide 
salt of the organic cation may be reacted with a Lewis acid.107 For the last few decades, 
ionic liquids has been extensively studied due to their unique properties. There are various 
advantages of ILs that arise from their properties and are discussed below.  
ILs are known to have a very large liquid range (greater than 400 °C). A typical 
example is 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([BMIM][NTf2]) which melts at –89 °C and boils at 450 °C, compared to ethanol with a 
liquid range of –114 °C to 78 °C.108 The wide liquid range is a factor of their glass forming 
or melting temperature, both of which are mostly below ambient temperature (hence 
RTIL), and sometimes even below 0 °C. This wide liquid range is advantageous in catalytic 
reactions because it provides the flexibility of choosing varied reaction conditions. 
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However, in order to correctly and safely use ILs in high temperature reaction systems, 
their study at elevated temperatures is necessary to understand their degradation 
mechanisms. From these studies, valuable information such as maximum operating 
temperature, heating/decomposition rates, and decomposition products can be obtained.109 
Another property of ILs is their solubility. They are soluble in various inorganic, organic 
as well as polymeric solvents. Most ILs are soluble in water and highly hygroscopic and 
should be handled under moisture-free conditions. 
 
 
Figure 1.5. Common cations and anions of ionic liquids. R = alkyl or H. 
 
ILs have been touted as being thermally and chemically stable at high temperatures. 
However, their structure and properties affect their thermal stability. Components such as 
cation/anion type and cation modification (chain length, substituent number, C2 
methylation and functionalization) plays an important role in determining thermal 
stability.110-112 It has been shown that there is a relationship between ILs thermal stabilities 
and their anion coordination nature, hydrophilicity, and nucleophilicity.108, 113-114 The 
purity of ILs and the experimental conditions under which they are used could also have 
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significant effects on their thermal stability.112 Using fast thermogravimetric analysis 
(TGA), Cao has shown that for many ILs the onset of thermal decomposition generally 
ranges from 200 to 400 °C.115  
Extremely low vapor pressure is one of the extraordinary properties of ILs, which in 
turn implies very low volatility and flammability. This property is caused by a combination 
of strong ionic interactions and melting points occurring at or near room temperature. 
Consequently, ILs display minimal evaporation even under ultrahigh vacuum 
conditions.116 This property has sparked a lot of the interest in the study and use of ILs as 
“green solvents” alternatives to conventional volatile organic solvents.117 It is important to 
note that even though ILs are non-flammable, this does not mean that they are safe to use 
near fire and/or an ignition source. Smiglak and coworkers studied several ILs, including 
commercial ILs, and found that many of them are readily combustible. They argued that 
this was mainly due to the nature of their positive heat of formation, oxygen content, and 
decomposition products.118-119 
 
 Ionic liquids as solvents for lignocellulosic biomass  
The structure, organization, and unique ionic character of ILs make them different from 
molecular solvents.120 Consequently, their physicochemical properties make ILs tunable 
and task-specific, finding applications in various fields such as lubricants, sensors, 
batteries, fuel cells, synthesis, and catalysis.121 Recently, ILs have been shown to achieve 
higher selectivity and efficiencies compared to conventional organic solvents in metal ion 
extraction in ionic/aqueous biphasic systems.122-123 The use of ILs in place of conventional 
organic solvents is one way of achieving “green catalysis”. Song and coworkers reviewed 
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that a significant improvement in catalytic performance (e.g., rate acceleration, 
enantioselectivity improvement, and increased catalyst stability) is often obtained by 
switching from an organic solvent to an ionic liquid.124-125  
In lignocellulosic biomass, the most abundant polymer is cellulose. Production of fuels 
and chemicals from cellulosic biomass is challenging mainly because it is recalcitrant to 
dissolution. This is due to its high crystallinity, a property which results from a three-
dimensional network of inter- and intra-strand hydrogen bonds on the polymer chain.126 In 
order to dissolve cellulose, a solvent must be able to compete for and disrupt the hydrogen 
bond interactions. Through their charged ions, ionic liquids are able to disrupt the 
hydrogen-bond network by forming electron donor-electron acceptor complexes with the 
hydroxyl groups of cellulose.127 This interaction causes separation of the polymer chains 
from each other resulting in dissolution of cellulose.  
For the past fifteen years there has been increased interest in the study of ionic liquids 
after initial reports showed that dialkylimidazolium-based ionic liquids can dissolve high 
concentrations cellulose. In 2002, Swatloski and coworkers discovered that cellulose can 
readily dissolve without derivatization in ionic liquids.128 In this study, ionic liquids 
consisting of 1-alkyl-3-methylimidazolium (alkyl = butyl, hexyl, octyl) cations but with 
different anions, such as Cl–, Br–, [PF6]
–, SCN–, and [BF4]
–, were screened as solvents for 
cellulose. They found out that the most effective IL in dissolving cellulose contained 1-
butyl-3-methylimidazolium cations and chloride anions, compared to IL with large, non-
coordinating anions such as [PF6]
– and [BF4]
–. The efficient activity of 1-butyl-3-
methylimidazolium chloride ([BMIM]Cl) was suggested to be as a result of high 
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concentration of chloride ions and its ability to break extensive hydrogen bonding network 
in cellulose.  
After Swatloski’s study, more reports on cellulose dissolution in IL, including 
extensive studies about the behavior and changes of cellulose in the dissolution process 
ensued.104, 129-130 Most of them are based on the dialkylimidazolium cations even though 
studies on quaternary ammonium and pyridinium ILs exist, with chloride and acetate being 
the most frequently reported anions.131-133 Moreover, ILs with other anions, such as 
formates, carboxylates, alkyl phosphates, and alkyl phosphonates, have been used as 
cellulose solvents.134 Even though a complete review of cellulose dissolution studies is 
beyond the scope of this document, it is worth mentioning a few remarkable examples. 
Using a method based on polarized-light microscopy, Andanson and coworkers135 
demonstrated that microcrystalline cellulose can readily dissolve in 1-butyl-3-
methylimidazolium acetate ([BMIM][OAc]). At 100 °C, they found that [BMIM][OAc] 
can dissolve up to 25 wt% of cellulose. Zhang showed that 1-allyl-3-methylimidazolium 
chloride ([AMIM]Cl) can readily dissolve non-pretreated cellulose at 80 °C and a clear and 
viscous solution containing up to 14.5 wt% cellulose (dissolved pulp) in [AMIM]Cl could 
be obtained.136 There are also studies that show that softwoods, hardwoods, bagasse, and 
straw can undergo partial to complete dissolution in ionic liquids such as 1-ethyl-3-
methylimidazolium acetate ([EMIM][OAc]), [AMIM]Cl, and [BMIM]Cl.136-139 
The mechanism for cellulose dissolution in ionic liquid is still under debate. The 
commonly proposed mechanism, as reported by Chen and Feng140, involves the interaction 
of the cellulose hydroxyl groups with the ionic liquid cations and anions as shown in Figure 
1.5. As mentioned previously this interaction causes the disruption of the hydrogen 
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bonding network promoting cellulose dissolution. Several studies have been done to 
provide evidence in support of this solvation model.128, 141-142       
 
 
Figure 1.6. Mechanism of cellulose dissolution in ionic liquids.140  
 
Even though many studies show that IL anions play a predominant role in the 
dissolution of cellulose, recent literature reports demonstrated that the structure of the IL 
cation plays a role in the process. Lu et al. investigated a series of ILs consisting of fixed 
acetate anion but different cationic backbones and alkyl chains and their effect in dissolving 
cellulose.143 Their findings showed that the acidic protons on the heterocyclic rings of the 
ILs cations was crucial because they may form C–H···O hydrogen bonds with the oxygen 
atoms of cellulose thus increasing cellulose solubility (Figure 1.7). On the other hand, 
cations with large alkyl chains did not favor cellulose dissolution due to steric hindrance 
effects of the large groups. Moreover, cations consisting of electron donating groups 
bonded at the N-position of the cationic backbone decreased cellulose solubility. Such 
functional groups reduce the acidity of protons on the heterocyclic rings, as well as form 
hydrogen bonds with IL liquid anions. 
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Figure 1.7. Representative hydrogen bonding of cellulose fragment with the cations and 
anions of ionic liquid. The asterisks show additional points for hydrogen bonding. 
 
1.7. Catalytic conversion of carbohydrates into HMF 
Lignocellulosic biomass is the most abundant source of carbohydrates from which 
HMF is synthesized. Over the last three decades, the synthesis of HMF and other chemical 
intermediates from biorenewable feedstocks have attracted a lot of attention. Catalytic 
conversion of sugars such as glucose and fructose into HMF and other furanics is usually 
conducted using homogeneous and heterogeneous catalysts. In this section a review of 
commonly used systems involving homogeneous and heterogeneous catalysts will be made 
highlighting examples of catalytic systems reported in literature. 
Most of the discussion in this section will involve glucose and fructose conversion to 
HMF. Even though HMF can easily be obtained from fructose, the selective conversion of 
glucose, which is the most abundant sugar in lignocellulosic biomass, is challenging. This 
is because glucose conversion to HMF is known to proceed through a two-step process 
requiring different catalytic environments.144 The first one involve isomerization of 
glucose to fructose and the second one is dehydration of fructose to HMF. Isomerization is 
usually catalyzed by Lewis acid catalysts while dehydration is promoted by Brønsted acid 
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catalysts. Therefore, in glucose conversion, HMF selectivity and yield will be dependent 
on the selectivity of both the isomerization and dehydration steps.  
 
 Homogeneous catalysts 
1.7.1.1. Mineral acids 
In HMF synthesis, the acid-catalyzed method is perhaps the most studied. HMF 
synthesis from sugars was first reported independently by Düll145 and Kiermayer146 in 
1895. While studying inulin (a β-1,2-fructan) and its hydrolytic products, Düll discovered 
that treating fructose or sorbose with an aqueous solution of oxalic acid under pressure 
yielded HMF. At the same time, while studying sugar cane hydrolysis Kiermayer reported 
that heating fructose and sucrose in 0.3% aqueous oxalic acid at 120 °C formed HMF at 
20% yield. In subsequent years, several synthetic methods of HMF in various contexts have 
been published. For example, Fenton and coworkers conducted studies on the synthesis of 
HMF and other furanic derivatives.147-148 Other early reports include that of Moye et al. 
who studied HMF synthesis and its industrial applications.149 A few years later Harris 
reported carbohydrate dehydration reactions and their mechanism under acidic and basic 
conditions.150 Over the years many reviews on the synthesis, properties, and chemical 
reactivity of HMF have been reported in literature. Currently, thousands of papers report 
its production from sugars and lignocellulosic feedstocks. In this sub-section, the use of 
organic and inorganic mineral acids in the production of HMF from sugars is discussed, 
and a summary is given in Table 1.1.  
The most commonly used mineral acids for the conversion of sugars include sulfuric, 
hydrochloric, and phosphoric acids. Kuster and van der Baan studied the effects of acid 
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initial concentration on fructose dehydration to HMF and rehydration of HMF to levulinic 
and formic acids using HCl as catalyst.151 They reported that the conversion rate of fructose 
and HMF is slightly influenced by the initial acid concentration. Yields of HMF and 
levulinic acid decreased at higher initial concentrations of substrates and that the formation 
of levulinic acid from HMF was independent of catalyst concentration. Importantly, it was 
observed that rehydration of HMF was accelerated in the presence of fructose or glucose 
with the formation of levulinic acid and humins (insoluble polymeric side products) over 
time. A kinetic model was described that accounted for a first-order conversion of fructose 
into HMF, levulinic acid, formic acid, and humins. HMF yield of 30% was obtained at 
62% fructose conversion when 0.2M fructose and 1.0M HCl was heated at 95 °C for 24 
min. 
The same year Kuster reported the effect of using poly(ethylene glycol) 600 (PEG-
600), which served to lower water concentration, in HCl-catalyzed conversion of fructose 
to HMF.152 It was demonstrated that at higher concentration of PEG-600, fructose 
dehydration is fast and HMF rehydration is slow. Consequently, much higher concentration 
of HMF was reported. At concentrations of <40% PEG-600 levulinic acid yield is only 
slightly affected but is much diminished at 70% PEG. Kuster claimed that the main effect 
of adding PEG-600 is to increase the reaction rate of fructose conversion to HMF but retard 
HMF rehydration. Using 1.0M HCl and 0.5M initial concentration of fructose containing 
70% PEG-600, 36% HMF yield at >95% fructose conversion was achieved at 95 °C in 15 
min. 
In order to improve selectivity toward HMF and inhibit its rehydration to levulinic acid 
and formic acid, Vinke and van Bekkum used activated carbon as a selective HMF 
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adsorbent in HCl catalyzed fructose dehydration.153 Two different systems were used; the 
first being a one-pot dehydration with a catalyst and adsorbent—a mixture of fructose, 
activated carbon, and an acidic ion-exchange resin catalyst (9g, 20g, and 40g, respectively) 
in 150 mL of water (for homogeneous catalysis an equivalent amount of HCl in 50 mL of 
water was used). The second system consisted of a catalyst column where fructose 
dehydration occurred and a separate HMF adsorption column at 25 °C. In both systems 
dehydration reactions were carried out at 90 °C. A HMF yield of 43% was obtained at 72% 
fructose conversion in 7h using HCl as a catalyst. Similar results were obtained using an 
ion-exchange resin but at longer reaction times.  
Riisager and co-workers154 conducted a microwave-assisted dehydration of 
concentrated aqueous fructose solutions (27 wt%) to HMF using HCl. Even though water 
is normally a poor solvent in the dehydration process due to low HMF selectivity and 
yields, a reaction at 200 °C was substantially enhanced with microwave irradiation, 
achieving HMF selectivity of 63% and 52% fructose conversion. When the irradiation time 
was prolonged to 60 s almost complete fructose conversion (95%) was achieved but HMF 
selectivity decreased to 55%.  
A few reactions involving acid-catalyzed direct conversion of polysaccharides to HMF 
exist in literature. Usually, the polysaccharides are first hydrolyzed to monomeric sugars 
before further dehydration to HMF. In one study a CO2-water mixture was used by Wu et 
al. to convert inulin into HMF.155 CO2 in the aqueous solution generates carbonic acid in 
situ which catalyzes the dehydration of inulin. The results showed that the pH of the 
solution decreased as the CO2 pressure increased due to the formation of carbonic acid in 
the reaction mixture. A maximum HMF yield of 53% was obtained with a CO2 pressure of 
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6 MPa at 200 °C and a reaction time of 45 min, and at a pressure of 6MPa, an optimum 
reaction pH was achieved. Upon variation of reaction parameters such as CO2 pressure, 
time, temperature, and initial inulin concentration, HMF yield gradually increased reaching 
a maximum after which it started decreasing due to formation of by-products.  
In another study, hydrothermal conversion of cellulose to HMF was investigated by 
Yin et al. in acidic, neutral, and alkaline (NaOH, pH = 11) solutions.156 HMF production 
was shown to be influenced by the pH of the aqueous solution. Under acidic conditions 
(HCl, pH = 3) the highest HMF yield of 21% was obtained at temperature of 300 °C in 50 
min. Under similar reaction conditions, HMF yield below 10% was achieved at pH 11. 
Alkaline solutions inhibited HMF formation, which is consistent with literature reports.157 
Temperatures >300 °C and longer residence time resulted in decreased HMF yields in 
acidic and neutral conditions, mainly because of promotion of side reactions of HMF to 
levulinic acid and char.  
Sulfuric acid-catalyzed dehydration of fructose to HMF was investigated by Bicker and 
coworkers in sub- and supercritical acetone-water mixtures at 180-300 °C and 5-30 MPa.158 
Using 10 mM H2SO4 in a 9:1 acetone:water mixture at 180 °C and 20 MPa, an HMF yield 
of 75% was obtained at ~98% conversion in 2 minutes residence time. Dehydration of 
glucose, sucrose, and inulin was further investigated under similar conditions and HMF 
selectivity of 48%, 56%, and 78%, respectively, were obtained. In a different publication, 
H2SO4–catalyzed fructose dehydration was investigated in sub-and supercritical methanol 
or acetic acid by the same authors.159 In methanol, the main product was 5-methoxymethyl-
2-furfural (MMF) at 78% yield, 98% fructose conversion at 240 °C in 2 s. The authors 
argued that MMF was formed through acid-catalyzed etherification of HMF since 
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significant amounts of HMF were observed at lower temperature with low amounts of 
MMF. 5-acetoxymethyl-2-furfural (AMF), claimed to form through esterification of HMF, 
was the main product from acetic acid as the solvent. At 100% fructose conversion, an 
AMF yield of 38% was accessed in 2 min at 180 °C but no HMF was present. Using 2 mM 
H2SO4 as a catalyst, Antal and Mok
39 reported HMF yield of 53% when fructose 
dehydration in subcritical water (50 mM fructose, 250 °C, 34.5 MPa, 32 seconds) in a flow-
reactor was conducted. Additionally, it was demonstrated experimentally that fructose is 
converted to HMF through cyclic intermediates due to the ease of HMF formation from 
fructose and the fructosyl moiety of sucrose, and the facile conversion of 2,5-anhydro-D-
mannose into HMF. 
Phosphoric acid (H3PO4) and other acid catalysts were investigated by Asghari and 
Yoshida in a batch-type sub-critical water system.160 The decomposition of various 
carbohydrates (D-fructose, L-sorbose, D-mannose, D-galactose, D-glucose, sucrose, and 
cellobiose) to HMF was studied at 200-320 °C and the catalytic effects of hydrochloric, 
sulfuric, phosphoric (H3PO4), oxalic, citric, maleic, and p-toluenesulfonic (PTSA) acids at 
pH values ranging from 1.5-5 was evaluated. The findings from this work showed that both 
the nature of the acid and pH value greatly influenced the reaction pathway. Lower pH 
resulted in rehydration of HMF to levulinic and formic acids, and at higher pH 
polymerization reactions occurred. The highest HMF yields of 65% and 30% at >95% 
conversion was attained from fructose and glucose, respectively, using H3PO4 at 240 °C 
and residence time of 120 s at pH 2. For the other saccharides studied, ketohexoses gave 
higher yields than aldohexoses. 
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Formic acid has also been used as a catalyst in the conversion of sugars to HMF. Kuster 
and Temmink161 studied the effects of pH and weak-acidic anions on fructose dehydration. 
Formic acid-catalyzed dehydration of fructose was carried out in aqueous media at 175 °C 
and 50 MPa in a stirred tank reactor at pH ranges of 1 to 6. By using fructose at initial 
concentration of 0.25 M at a controlled pH of 3.1, maximum HMF yields of 50-60% with 
80-100% selectivity in ~1h were reported but fructose conversion was only 70% at lower 
pH even though an HMF yield of 56% was achieved. It was also observed that there was 
an increase in the rehydration of HMF to levulinic acid with decreasing pH (at pH >1). 
This is not surprising since HMF rehydration is known to be catalyzed in acidic media. 
Another study reported the decomposition of fructose in high temperature liquid water at 
10 MPa nitrogen pressure and 180–220 °C using formic and acetic acids as catalysts.162 In 
the absence of the catalyst 51% HMF yield was obtained at 220 °C in about 10 minutes. In 
the presence of 50 wt % of the catalyst the reaction rate was fast, especially with formic 
acid, achieving 58% HMF yield at over 90% fructose conversion in 20 minutes at 200 °C. 
However, longer reaction times were required for reactions at lower temperature to reach 
similar fructose conversion and HMF yields.  
Substantial research has been directed toward production of HMF using biphasic 
solvent systems consisting of an aqueous and an organic phase, in batch or continuous 
reactors. This is partly due to the poor HMF selectivity in both aqueous and organic 
solvents. In biphasic systems the aqueous solution serves as the reactive phase and the 
organic phase is used to extract HMF from the aqueous layer once it is formed. This 
minimizes the rate of side reactions and thereby improves HMF yield.163 In this method, it 
is easy to separate and reuse the reactive aqueous phase containing the spent catalysts. The 
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overall effectiveness of a biphasic solvent system is mainly determined by the partition 
coefficient, R, which is the ratio of HMF in the organic phase to that in the aqueous 
phase.164 To increase HMF selectivity, high partitioning of HMF into the organic phase is 
desirable. This is usually achieved by adding inorganic salts, e.g. NaCl, in the aqueous 
phase. 
Dumesic et al.165 reported a biphasic reaction system, using HCl as a catalyst, in which 
fructose was dehydrated to HMF in an aqueous phase modified with polar aprotic 
molecules [dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone (NMP)] and a 
hydrophilic polymer, poly(1-vinyl-2-pyrrolidinone) (PVP). The authors speculated that the 
modifiers served to suppress undesired reactions thus enhancing HMF production. The 
organic phase, methyl isobutyl ketone (MIBK) was modified with 2-butanol to promote 
HMF partitioning from the aqueous phase. From a 30 wt% aqueous fructose solution 
containing 0.25M HCl heated at 180 °C under autonomous pressure they obtained 77% 
HMF selectivity at 92% fructose conversion in ~3 min. Increasing the initial fructose 
concentration to 50 wt% decreased HMF selectivity. This observation agrees with previous 
literature reports that increasing sugar concentration enhances reversion and condensation 
reactions.166-167 
Dumesic and coworkers also reported acid-catalyzed dehydration of fructose to HMF 
in a biphasic reactor in which different partially miscible solvents were used to 
continuously extract HMF from the aqueous phase. 65 Starting with 30 wt% fructose 
solution saturated with NaCl containing HCl as catalyst and 1-butanol as the extracting 
phase, 82% HMF selectivity at 88% fructose conversion was achieved at 180 °C in ~3 
minutes. In the presence of NaCl, the partition coefficient of HMF was 3.6, which is a two-
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fold increase compared to a similar experiment without the salt. The improvement in the 
partition coefficient is as a result of the salting out effect in which electrolytes alter the 
intermolecular bonding interactions between liquid components and decrease the mutual 
solubility of the aqueous and organic phases.164  
The effect of different solvents and inorganic cations on fructose dehydration using 
HCl as catalyst was investigated by Román-Leshkov et al.168 It was shown that when an 
inorganic salt was added to a biphasic system consisting of a concentrated aqueous solution 
of fructose (30 wt %) and an organic extracting phase, HMF yield was greatly enhanced. 
This is due to the increased partitioning of HMF into the organic phase. HMF yield was 
also dependent of the types of organic solvent (primary and secondary alcohols, ketones, 
and cyclic ethers) used in the biphasic system with tetrahydrofuran demonstrating the 
highest HMF selectivity (89%) and an extracting power of 7.3 at 160 °C. The authors 
further examined the impact of different ions on HMF yield while using 1-butanol as the 
extracting phase and found that Na+ and K+ salts generated the highest extracting power 
and consequently produced HMF with maximum selectivity. These results support the fact 
that smaller hydrated ions have the strongest impact on the salting out effect. 
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Table 1.1. Conversion of carbohydrates into HMF using mineral acids 
substrate catalyst solvent 
temp 
 (°C) 
reaction 
time 
conversion 
(%) 
HMF 
molar 
yield (%) 
Ref 
 
fructose HCl water 95 24 min 62 30 151 
fructose HCl PEG-600/water 95 15 min >95 36 152 
fructose HCl water 90 7 h 72 43 153 
fructose HCl water 200 1 min - 52 154 
fructose HCl H2O/1-butanol 180 3 min 88 72 65 
fructose HCl H2O/THF 160 50 min 88 78 168 
fructose HCl H2O/MIBK 180 3 min 92 71 165 
inulin CO2/H2O water 200/6 MPa 45 min 100 53 155 
fructose H2SO4 subcritical H2O 250 32 min 95 53 39 
fructose formic acid water 175 45 min 56 55 161 
fructose formic acid water 200 10 min 96 58 162 
fructose acetic acid water 200 20 min 92 58 162 
fructose H2SO4 9:1 supercritical acetone/H2O 180/20 MPa 2 min 98 75 158 
glucose H2SO4 9:1 supercritical acetone/H2O 180/20 MPa 2 min - 48 158 
sucrose H2SO4 9:1 supercritical acetone/H2O 180/20 MPa 2 min - 56 158 
inulin H2SO4 9:1 supercritical acetone/H2O 180/20 MPa 2 min - 78 158 
fructose H3PO4 subcritical H2O 240 120 s >95 65 160 
glucose H3PO4 subcritical H2O 240 120 s 95 30 160 
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1.7.1.2. Metal salts-based catalysts 
Metals salts have been used extensively as catalysts for the conversion of carbohydrates 
to HMF (Table 1.2). Compared to conventional mineral acids, metal salts are becoming 
increasingly common, mainly because they are less corrosive, more stable, exhibit wider 
solubility, and higher reaction rates.169 Generally, metal salts act as Lewis acids in 
carbohydrate dehydration reactions.  
 
1.7.1.2.1 Lanthanide-based catalysts 
Lanthanide metal salts have been utilized as Lewis acids to catalyze the conversion of 
saccharide substrates into HMF. A study done by Ishida and Seri showed that various 
lanthanide (III) ions can catalyze the dehydration of D-fructose in organic solvent 
systems.170 Different organic solvents were screened and it was found that the reaction 
proceeded efficiently in dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), and 
dimethyl acetamide (DMA) in the presence of LaCl3. HMF yield from LaCl3 (5–10 mM)–
catalyzed fructose dehydration was as high as 95% after 4 h in DMSO at 100 °C. Other 
lanthanide ions examined achieved HMF yields >90% under similar reaction conditions 
but longer residence time (12h). Ishida and Seri also observed that neither byproducts nor 
levulinic acid were generated as decomposition products of HMF. Addition of 10% water 
slowed down the reaction but had no effect on HMF yield. Poor HMF yield (<10%) was 
produced from aldoses such as glucose, galactose and mannose. However, disaccharides 
containing fructose gave high yield of HMF (sucrose, 93%; raffinose, 65%) in DMSO at 
120 °C after 2h. Riisager et al. also reported lanthanide chlorides and triflates as catalysts 
for glucose conversion in imidazolium–based ionic liquids. 171 By using 0.06 mol% of 
  
33 
  
YbCl3 as the catalyst at 140 °C for 1h, they achieved an HMF yield of 23% in 1–octyl–3–
methylimidazolium chloride ([OMIM]Cl) and 24% from Yb(OTf)3 in [BMIM]Cl at a 
similar temperature for 6h.  
Another study examined catalytic dehydration of fructose in organic solvents using 
scandium and lanthanide rare earth metal trifluoromethanesulfonates, namely: Yb(OTf)3, 
Sc(OTf)3, Ho(OTf)3, Sm(OTf)3, Nd(OTf)3 as catalysts.
169 This study showed that the 
catalytic activity increased with decreasing ionic radius of the rare earth metal cations, with 
Sc(OTf)3 exhibiting the highest catalytic activity. As presumed by the authors, the higher 
catalytic activity with decreasing ionic radii may be as a result of stronger ionic interaction 
between the metal cations (with smaller ionic radius) with fructose molecules. Compared 
to other organic solvents screened, DMSO was the most efficient in converting fructose to 
HMF. Using Sc(OTf)3 in DMSO an HMF yield of 83% at 100% fructose conversion was 
obtained at 120 °C in 2h. A comparable study with rare earth metals in DMA as the solvent 
was recently reported by Beckerle and Okuda, in which HMF yields of up to 34% from 
glucose was obtained.172 Other scandium-based catalysts were reported by Zhou et al., who 
used microwave irradiation conditions to convert sucrose into HMF using ScCl3 as a 
catalyst in [BMIM]Cl.173 At a microwave power of 400W, they obtained HMF yield of 
73% in 2.5 min. Their catalytic system was demonstrated to be reusable several times 
without significant loss of catalytic activity. 
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Table 1.2. Conversion of carbohydrates into HMF using metal salts catalysts 
 
substrate 
  
catalyst solvent  
temp 
(°C) 
reaction 
time 
conversion 
(%) 
HMF 
yielda 
(%) 
ref 
 
fructose LaCl3 DMSO 100 4h - 95 170 
sucrose LaCl3 DMSO 120 2h - 93 170 
glucose Yb(OTf)3 [BMIM]Cl 140 6h 65 24 171 
fructose Sc(OTf)3 DMSO 120 2h 100 83 169 
glucose ScCl3 DMA 145 2h 100 34 172 
fructose ScCl3 [BMIM]Cl MI
b 2 min - 95 173 
glucose ScCl3 [BMIM]Cl MI 2 min - 55 173 
sucrose ScCl3 [BMIM]Cl MI 2.5 min - 73 173 
glucose YbCl3 water-NaCl/SBP 170 40 min 91 42 174 
maltose YbCl3 water-NaCl/SBP 170 80 min - 31 174 
cellobiose YbCl3 water-NaCl/SBP 170 80 min - 40 174 
starch YbCl3 water-NaCl/SBP 170 80 min - 42 174 
cellulose YbCl3 water-NaCl/SBP 170 6h - 21 174 
fructose SnCl4 [EMIM]BF4 100 3h 100 62 175 
glucose SnCl4 [EMIM]BF4 100 3h 100 61 175 
sucrose SnCl4 [EMIM]BF4 100 3h 100 65 175 
cellobiose SnCl4 [EMIM]BF4 100 3h 100 57 175 
inulin SnCl4 [EMIM]BF4 100 3h 100 40 175 
starch SnCl4 [EMIM]BF4 100 24h 100 47 175 
fructose GeCl4 [BMIM]Cl 100 5 min 100 92 176 
glucose GeCl4 [BMIM]Cl 120 0.5 h 99 48 176 
sucrose GeCl4 [BMIM]Cl 120 0.5 h 98 55 176 
cellobiose GeCl4 [BMIM]Cl 120 0.5 h 99 41 176 
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Table 1.2 (Continued) 
 
 
substrate 
  
catalyst solvent  
temp 
(°C) 
reaction 
time 
conversion 
(%) 
HMF 
yielda 
(%) 
ref 
cellulose GeCl4 [BMIM]Cl 120 0.5 h  97 35 176 
fructose GeCl4 [BMIM]Cl/DMSO 25 12 h - 70 177 
fructose CrCl3 [EMIM]Cl 80 3h - 83 178 
glucose CrCl2 [EMIM]Cl 100 3h - 70 178 
fructose CrCl2 DMA/H2SO4/NaBr 100 2h - 93 58 
glucose CrCl2 DMA-LiCl/[EMIM]Cl 100 6h - 62 58 
glucose CrCl3 DMA/[EMIM]Cl 100 6h - 67 58 
cellulose CrCl2 DMA-LiCl/[EMIM]Cl 140 2h - 54 58 
corn stover CrCl2 DMA-LiCl/[EMIM]Cl 140 2h - 48 58 
glucose CrCl3 [BMIM]Cl 140 0.5 min 96 71 179 
fructose CrCl3 [BMIM]Cl 100 1 min - 78 179 
sucrose CrCl3 [BMIM]Cl 100 5 min - 76 179 
cellobiose CrCl3 [BMIM]Cl 140 5 min - 55 179 
cellulose CrCl3 [BMIM]Cl 150 10 min - 54 179 
glucose CrCl3 [BMIM]Cl MI 1 min - 91 180 
cellulose CrCl3∙6H2O [BMIM]Cl MI 2 min - 61 180 
corn stork CrCl3∙6H2O [BMIM]Cl 200 3 min - 45 181 
rice straw CrCl3∙6H2O [BMIM]Cl 200 3 min - 47 181 
pine wood CrCl3∙6H2O [BMIM]Cl 200 3 min - 52 181 
fructose NHC/CrCl2 [BMIM]Cl 100 6h - 96 182 
glucose NHC/CrCl2 [BMIM]Cl 100 6h - 81 182 
glucose CrCl3.6H2O/B(OH)3 [BMIM]Cl 120 30 min - 79 183 
fructose CrCl3.6H2O TEAC 130 10 min - 74 184 
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Table 1.2 (Continued) 
 
 
substrate 
  
catalyst solvent  
temp 
(°C) 
reaction 
time 
conversion 
(%) 
HMF 
yielda 
(%) 
ref 
glucose CrCl3.6H2O TEAC 130 10 min - 71 184 
sucrose CrCl3.6H2O TEAC 130 10 min - 76 184 
cellobiose CrCl3.6H2O TEAC 130 10 min - 61 184 
glucose CrCl2 TEAC 120 60 min 100 55 185 
glucose AlCl3·6H2O water-NaCl/THF 160 10 min 99 61 186 
cellobiose AlCl3·6H2O water-NaCl/THF 160 10 min - 58 186 
starch AlCl3·6H2O NaCl-H2O/THF 160 10 min - 50 186 
cellulose AlCl3·6H2O NaCl-H2O/THF 180 30 min - 37 186 
poplar AlCl3·6H2O NaCl-H2O/THF 180 30 min - 26 186 
glucose AlMe3 [EMIM]Cl 120 6 h - 50 187 
glucose AlEt3 [EMIM]Cl 120 6 h 100 51 187 
glucose Al(C6F5)3 [EMIM]Cl 120 6 h - 31 187 
glucose Al(OiPr)3 [EMIM]Cl 120 6 h - 49 187 
glucose Al(OtBu)3 [EMIM]Cl 120 6 h - 49 187 
glucose MeAl(BHT)2 [EMIM]Cl 120 6 h 100 50 187 
glucose Al(OTf)3 DMSO 140 15 min 100 60 188 
fructose Al(OTf)3 DMSO 120 1 h 100 69 188 
glucose AlCl3·6H2O/B(OH)3 NaCl-H2O/THF 170 40 min 100 60 189 
             aMolar yield, bMI: microwave irradiation (400W), temperature not given. 
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Conversion of glucose and other carbohydrates to HMF was investigated by Wang et 
al. In this study, a series of water-compatible lanthanide metal salts (LaCl3, DyCl3 and 
YbCl3) were screened under a wide pH range in a biphasic system consisting of pure water 
saturated with NaCl, with HCl added for pH adjustment, and sec-butylphenol as the 
extracting solvent.174 The catalysts significantly enhanced glucose conversion to HMF, 
with YbCl3 being the most effective catalyst. Using YbCl3, an HMF yield of 42% was 
obtained from glucose reacted for 40 min at 170 °C. Under similar reaction conditions but 
at longer residence times (80 min for all, except cellulose which was 6 h), maltose, 
cellobiose, starch, and cellulose afforded HMF yields of 31%, 40%, 42%, and 21%, 
respectively. 
 
1.7.1.2.2 Tin and germanium-based catalysts 
Conversion of carbohydrates to HMF using metal salts in ionic liquids solvent systems 
has received much attention. (vide infra). The Lewis acid SnCl4 was employed by Hu and 
coworkers to catalyze the conversion of carbohydrates into HMF in the ionic liquid 1-ethyl-
3-methylimidazolium tetrafluoroborate ([EMIM]BF4).
175 In 3 h at 100 °C, HMF yields of 
62% and 61% from fructose and glucose, respectively, were obtained. Other 
polysaccharide feedstocks were also tested using the same catalyst achieving HMF yields 
of 65%, 57%, 40%, and 47% from sucrose, cellobiose, inulin, and starch, respectively. Hu 
et al. postulated that the formation of a five-membered ring chelate consisting of the tin 
atom and the C1 and C2 hydroxyl groups of glucose may have played a role in the 
isomerization of glucose to fructose, followed by dehydration to HMF. The five-membered 
ring was postulated to be more stable than the proposed acyclic or six-membered ring 
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chelate structures. The coordination of tin to glucose promoted ring opening of glucose and 
subsequent hydrogen transfer to form fructose. 
Zhang et al. investigated germanium (IV) chloride (GeCl4) as a catalyst for conversion 
of carbohydrates into HMF in ionic liquids.176 In this system, fructose was quantitatively 
converted after 5 minutes at 100 °C achieving excellent HMF yield of 92% in [BMIM]Cl. 
Moderate HMF yields were obtained from glucose (48%), cellobiose (41%), sucrose 
(55%), and cellulose (35%). A mechanism for glucose conversion to HMF was proposed 
based on in situ 13C NMR characterization, from which it was suggested that a strong 
interaction between glucose and GeCl4 occurred which facilitated the isomerization of 
glucose to fructose. Moreover, Zhang showed that their system could be reused for five 
cycles without significant decrease in HMF yields. The same research group reported 
GeCl4-catalyzed fructose dehydration in DMSO/[BMIM]Cl solvent mixtures at room 
temperature.177 A HMF yield of 70% was achieved at 25 °C after 12 h in a 5:1 
[BMIM]Cl:DMSO (weight ratio) media. However, it was not apparent if the high yield was 
as a result of the catalyst activity or selectivity since conversion data was not shown. 
Nevertheless, HMF yield was enhanced upon increasing the mass ratio of [BMIM]Cl to 
DMSO. The effect of the 1,3-dialkylimidazolium cations and anions of the ILs were also 
investigated and it was found that there was a synergistic effect of both the imidazolium 
cation and the chloride anion in promoting fructose dehydration.  
 
1.7.1.2.3 Chromium based catalysts 
Utilization of chromium metal salts as catalysts for the conversion of carbohydrates 
into HMF has become one of the most established methods. This is because chromium salts 
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(CrClx, x = 2 or 3) appear to perform better than other metal salts for the dehydration of 
sugars into HMF. The use of chromium salts as catalysts was initiated by Zhang and co-
workers when they assessed various metal chlorides and demonstrated that CrCl2 and CrCl3 
were very effective catalysts for dehydration of carbohydrates.178 They obtained HMF 
yields of 70% and up to 83% from glucose and fructose, respectively, by dissolving the 
catalyst [6 mol% of CrClx, (x = 2 or 3) based on the sugar] in 1-ethyl-3-methylimidazolium 
chloride ([EMIM]Cl) at 80 °C (for fructose) or 100 °C (for glucose) for 3 h. A CrCl3
– anion 
was proposed to play a role in proton transfer effecting mutaroration of glucose in 
[EMIM]Cl, as shown in Scheme 1.2. It was further proposed that the anion causes a formal 
hydride transfer leading to the isomerization of glucose to fructose. Subsequently, 
numerous reports on chromium-based catalysts have been published.  
Using a solvent mixture of N,N-dimethylacetamide (DMA)–LiCl and [EMIM]Cl, 
Raines et al. used CrCl2 and CrCl3 for converting glucose to HMF and yields of 62% and 
67% were obtained by using CrCl2 and CrCl3, respectively at 100 °C for 6 h.
58 Upon using 
10 wt % lithium or sodium bromide as additives instead of [EMIM]Cl, HMF yield 
increased to 79-81% after 5-6 h at 100 °C. It was shown that the catalytic system consisting 
of CrCl2 or CrCl3 in a mixture of DMA–LiCl and [EMIM]Cl could dissolve purified 
cellulose achieving an HMF yield of 54%, and when corn stover was used as the substrate, 
48% HMF yield was obtained in 2 h at 140 °C. Additional studies in the same laboratory 
demonstrated that the catalysts could be used for the conversion of other sugars (galactose, 
tagatose, mannose, and lactose) to HMF but with moderate yields.190 
As previously mentioned, microwave heating has been applied in sugar conversion to 
HMF. Li et al. studied production of HMF under microwave irradiation and obtained a 
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HMF yield of 91% when glucose dehydration was carried out in [BMIM]Cl at 100 °C for 
1 minute using CrCl3 catalyst.
180 In contrast glucose conversion furnished only 17% HMF 
yield under conventional oil-bath heating at 100 °C for 60 minutes. Using the same IL and 
Avicel cellulose as the substrate they isolated HMF in 61% yield and 16% total reducing 
sugars (TRS) after 2 min in the presence of 10 mg of CrCl3·6H2O catalyst. 
 
 
Scheme 1.2. Proposed interaction of metal halides with glucose in [EMIM]Cl results in 
mutarotation of α- and β-glucopyranose anomers and isomerization of glucose to fructose, 
followed by dehydration to HMF.178 
 
Thus, microwave irradiation clearly played a role in accelerating the reaction and 
promoting HMF selectivity. Similar observations of increased reaction rates by microwave 
irradiation were reported by Qi and coworkers.179 In [BMIM]Cl a HMF yield of 71% was 
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achieved in 30 seconds at 96% glucose conversion under microwave irradiation at 140 °C 
in the presence of 10 mol % CrCl3 catalyst. However, only 48% HMF yield was obtained 
under similar conditions when an oil-bath was used. This microwave system was also 
effective for substrates like fructose, sucrose, cellobiose, and cellulose in which HMF 
yields of 78%, 76%, 55%, and 54%, respectively, were obtained, though at slightly varied 
reaction times and temperatures. Zhang et al. also reported a microwave assisted 
conversion of lignocellulosic biomass into furans in [BMIM]Cl.181 A HMF and furfural 
yield ranging from 45-52% and 23-31%, respectively, was obtained within 3 min from corn 
stalk, rice straw, and pine wood using CrCl3·6H2O at a microwave power of 400 W.   
Yong et al. reported an interesting model of using N-heterocyclic carbene (NHC)-
chromium (Cr(II) and Cr(III)) in [BMIM]Cl to selectively convert glucose and fructose 
into HMF.182 After heating the sugars for 6 h at 100 °C in the presence of 9 mol % of the 
NHC/Cr catalysts, they obtained HMF yields as high as 96% and 81% from fructose and 
glucose, respectively. They also reported that HMF yields from glucose and fructose were 
greatly enhanced when catalysts with bulkier NHC ligands were used. They claimed that 
the high catalytic efficiency of NHC/Cr with bulky ligands resulted from protection of the 
Cr center from reaction with BMIM+Cl-, making it available for binding with sugar 
substrates. 
A double catalyst system consisting of chromium (III) chloride (CrCl3·6H2O) and boric 
acid (B(OH)3) was reported by Hu and Liu as efficient in transforming glucose to HMF in 
[BMIM]Cl.183 After optimization of various reaction parameters, a HMF yield of 79% was 
achieved from glucose at 120 °C in 30 min. It was demonstrated that a small amount of 
water in the reaction mixture had no effect on HMF yield and that the catalyst could be 
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reused without loss of activity for up to five successive times. In an effort to get away from 
[BMIM]Cl, the same lab investigated the use of cheaper ionic liquids such as 
tetraethylammonium chloride (TEAC) to convert glucose to HMF using CrCl3·6H2O as the 
catalyst.184 With 10 mol% of the catalyst at 130 °C, they obtained a HMF yield of 71% in 
10 min under conventional oil-bath heating. Under similar reaction conditions, they 
obtained HMF yields of 74%, 76%, and 61% from fructose, sucrose, and cellobiose, 
respectively. Interestingly, their system was found to be tolerant of high initial water 
content (up to 30% relative to TEAC) and high glucose concentration, which is in 
agreement with literature reports.183 Recycling experiments showed that 
TEAC/CrCl3·6H2O system exhibited stable activity after successive runs. In a related 
study, a CrCl2/TEAC system afforded HMF yield of about 55% with complete glucose 
conversion at 120 °C in 1 h.185 
After Zhao et al. reported the effectiveness of chromium halides as catalysts for sugar 
dehydration into HMF178, several studies were conducted to try to explain the catalytic 
activity/efficiency of these metal halides. Hensen and coworkers combined kinetic 
experiments, in situ X-ray absorption spectroscopy (XAS) and density functional theory 
(DFT) calculations to study CrCl2-catalyzed glucose dehydration in [EMIM]Cl.
191 Their 
data suggested that the exceptional catalytic performance of CrCl2 stems from its ability to 
efficiently promote glucose isomerization to fructose, and a mechanism was proposed, as 
shown in Scheme 1.3, for this transformation. To form HMF, glucose is first isomerized to 
fructose followed by dehydration of fructose to HMF. Glucose isomerization follows a 
three-step process involving ring opening, H transfer, and ring closure. Both experimental 
and DFT analysis revealed that chromium promotes efficiently the rate-determining 
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hydrogen-shift step of the open form of glucose through transient self-organization of the 
catalytic chromium centers into a binuclear complex with glucose. The second Cr center 
helps to stabilize the reaction intermediates formed during the H shift and the large number 
of mobile and moderately basic chloride ions of the ionic liquid promoted various 
protonation and deprotonation reactions.  
Hensen’s group further investigated the differences in catalytic activity of Cr(II) and 
Cr(III) chlorides as catalysts for glucose dehydration.192 This study showed that the 
catalytic activity of Cr in glucose dehydration is independent of the oxidation state of the 
metal. Nevertheless, they found that Cr3+ exhibited higher activity and selectivity to HMF 
in comparison to Cr2+, contrary to previous reports by Zhao.178 This observation was 
attributed to the increased Lewis acidity of Cr3+ compared to Cr2+, resulting in more 
efficient stabilization of anionic sugar intermediates formed during glucose isomerization. 
In this regard, it was estimated that the overall activation barrier for isomerization of 
glucose to fructose catalyzed by Cr3+ and Cr2+ was 66 kJmol-1 and 93 kJmol-1, respectively, 
which is in agreement with the observed experimental differences.  
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Scheme 1.3. Mechanism for isomerization glucose to fructose in the presence of CrCl2 in 
an ionic liquid by Hensen.192  
 
Even though chromium chlorides achieve good yields of HMF in ionic liquids and 
conventional solvents their undesirable properties make its commercialization difficult. For 
instance, chromium toxicity and pollution of the environment are well known. Hexavalent 
chromium, CrVI, is a toxic ion with teratogenic and carcinogenic effects on humans.193 It 
has a strong oxidizing potential and can easily permeate biological membranes causing 
damage to macromolecules, proteins and DNA.194 Using chromium-based catalysts has the 
risk of releasing toxic chromium to the environment as a byproduct after it has passed its 
useful lifetime, which calls for expensive disposal methods. Chromium-based catalysts are 
also expensive. Thus, the use of toxic chromium catalysts for the conversion of 
carbohydrates is not a desirable undertaking. Consequently, there is a need to develop 
cheap and environmentally friendly catalysts that exhibit high HMF selectivity and yield. 
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1.7.1.2.4 Aluminum-based catalysts 
In catalytic syntheses there has been increased interest in green synthetic processes 
which are in line with the twelve principles of green chemistry.195 Consequently, efforts 
aimed at designing synthetic methods that use and generate chemical products possessing 
little to no toxicity to human health and the environment are worth of consideration. To 
this end, studies have been done on less toxic and cheap metals, such as aluminum, as 
catalyst precursors for carbohydrate conversion to HMF. A few studies in literature have 
demonstrated that aluminum catalysts exhibit significant activity for glucose conversion 
into HMF in aprotic polar solvents, ILs, and partially aqueous media. The following 
discussion will focus on some of the recent advances in aluminum-based catalytic 
dehydration of carbohydrates. 
Yang et al.186 reported the use of AlCl3·6H2O catalyst (40 mol % based on glucose) in 
a biphasic medium of water-NaCl/tetrahydrofuran (THF) furnishing an HMF yield of 61% 
from glucose under microwave heating (160 °C) in 10 min. Under similar reaction 
conditions, several lignocelluloses (corn stover, pine wood, grass, and poplar) were 
investigated. HMF yield from these substrates was modest (20–35%). Furfural was also 
observed at yields ranging from 51 to 66%. Moreover, maltose, cellobiose, and starch gave 
good yields of HMF. However, higher temperature (180 °C) and longer reaction time (30 
min) was required for cellulose to furnish a modest HMF yield of 37%. Even though they 
obtained good yield of HMF, high catalyst loading of 40 mol % is not feasible under an 
industrial setting. 
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Chen and co-workers investigated 12 different aluminum catalyst precursors (AlCl3, 
MeAlCl2, Et2AlCl, alkyl aluminoxanes, Al(C6F5)3), Al(O
iPr)3, Al(O
tBu)3, MeAl(BHT)2), 
AlMe3, AlEt3, and Al
iBu3, (where BHT = butylated hydroxytoluene) to determine their 
effectiveness as catalyst for converting glucose to HMF in EMIM]Cl.187 Using 10 mol % 
aluminum catalyst (relative to glucose) at 120 °C for 6 h, they found that AlEt3 was the 
most effective, achieving a HMF yield of 51% whereas AlCl3 gave very low HMF yield. 
It was noted that a gradual substitution of a chloride ligand on aluminum by an alkyl ligand 
drastically enhanced HMF yield. It was argued that the Lewis acidity of the aluminum 
catalysts was not a requirement for obtaining high HMF yields. Only modest HMF yields 
of 31% and low 1.6% were achieved using the highly Lewis acidic Al(C6F5)3) and AlCl3, 
respectively but much higher yields were obtained using catalysts with lower Lewis acidity, 
such as Al(OiPr)3, Al(O
tBu)3, MeAl(BHT)2), AlMe3, and AlEt3, which afforded HMF 
yields of 49%, 49%, 50%, and 51%, respectively. However, this conclusion is flawed 
because Lewis acidity of the aluminum precatalysts may not correlate directly with the 
Lewis acidity of the active catalysts that result.   
Heeres laboratory examined several metal halides and triflates for the transformation 
of glucose to HMF in four different polar aprotic solvents.188 Their results revealed that 
chromium (CrCl2 and CrCl3) and aluminum (AlCl3 and Al(OTf)3) salts were the most 
promising catalysts. They studied the effect of reaction parameters such as the initial 
concentration of glucose used, reaction time, and reaction temperature on the yield of HMF 
using fixed Al(OTf)3 concentration. From a 16 wt % glucose solution in DMSO, they 
obtained the highest HMF yield of 60% in Al(OTf)3 (5 mol % relative to glucose) at a 
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temperature of 140 °C in 15 min. Kinetic analysis revealed that the glucose-to-HMF 
reaction was second order in glucose with an activation energy of 138 kJmol-1.  
The conversion of glucose to HMF in a H2O/THF biphasic solvent mixture using 
different metal (Al, Co, Fe, In, Mn, Ni, Zr) chlorides in combination with boric acid as 
catalysts was studied by Xu and coworkers.189 They discovered that AlCl3·6H2O was the 
most effective catalyst for converting glucose to HMF, achieving a HMF yield of ~60% at 
170 °C for 40 min. They used NaCl both as an additive to improve the partition coefficient 
of HMF in the organic phase and to inhibit the formation of by-products. Boric acid 
(B(OH)3) was used as an additive and was argued to increase the amount of Lewis acid 
sites in the reactive aqueous phase and promote glucose isomerization to fructose. They 
proposed a mechanism for glucose dehydration reaction using both AlCl3·6H2O and boric 
acid. Similar results are reported in literature in which B(OH)3 acted as a promoter in a 
metal-free glucose to HMF conversion by lowering the energy barrier of the formation of 
a high energy ene-diol intermediate relative to glucose and also increasing the 
exothermicity of glucose isomerization to fructose.196  
In a biphasic reactor consisting of a mixture of 2-sec-butylphenol and aqueous phase 
saturated with NaCl at pH of 2.5, Págan-Torres et al. converted glucose into HMF in the 
presence of a combination of Lewis (AlCl3, SnCl4, VCl3, InCl3, GaCl3, LaCl3, DyCl3, and 
YbCl3)) and Brønsted acid (HCl) catalysts.
197 From the Lewis acid salts used, AlCl3 was 
the most efficient catalyst, giving a HMF yield of 62% and 90% glucose conversion at 170 
°C after 40 minutes. Their system efficiently extracted HMF into the organic phase and 
they demonstrated that the acidic aqueous mixture can be reused in consecutive runs 
without considerable decrease in conversion and selectivity. 
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It is noteworthy to say that the discussion above is not by any means comprehensive 
about the application of aluminum metal salts in sugar dehydration chemistry and 
interested readers are referred to additional reports in literature.198-203 Nevertheless, these 
studies show that the performance of aluminum-based catalysts is comparable to that of 
current benchmark chromium chlorides. The high natural abundance, low toxicity, low 
cost, and the breath of reactivity of aluminum compounds makes them more attractive as 
catalysts for carbohydrate conversion to fuels and chemicals. However, more research is 
required in order to improve the efficiency of aluminum-based catalysis in the conversion 
of carbohydrates. One of the objectives of our studies, reported in the following chapters, 
is to develop new aluminum compounds that can efficiently and selectively transform 
sugars into platform chemicals, such as HMF.  
 
 Heterogeneous catalysts 
Heterogeneous catalysts have also been used in the dehydration of sugars and 
lignocelluloses to HMF. Unlike homogenous catalysts, heterogeneous catalysts have 
several advantages which include easy separation from the reaction mixture, recyclability, 
and the ability to modify the catalyst surface properties. Some heterogeneous catalysts can 
also tolerate high reaction temperatures. Utilization of these benefits could essentially 
maximize HMF selectivity and yields from carbohydrate conversion. There are numerous 
studies utilizing heterogeneous catalysts in the conversion of carbohydrates to HMF, 
furfural, levulinic acid, etc. We do not intend to give an extensive discussion of all the 
literature detailing this process. However, several notable studies will be reviewed in this 
sub-section. Therefore, in this subsection, the use of niobia-, zirconia-, titania-based 
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catalysts, heteropolyacids, ion-exchange resins, and zeolites in various systems will be 
discussed, with a summary shown in Table 1.3. 
Carniti et al. studied fructose dehydration in aqueous solutions using solid acid niobium 
catalysts (niobic acid and niobium phosphate).204 The reaction was carried out in a 
continuous flow reactor at 90-110 °C and 2-6 bar of pressure. HMF selectivity of about 
30% at ~80% fructose conversion was attained. Compared to niobic acid, niobium 
phosphate displayed superior catalytic activity even though a similar increasing trend was 
observed for both catalysts with regard to HMF selectivity versus fructose conversion. 
They suggested that the higher catalytic performance of niobium phosphate over niobic 
acid may be related to the higher effective acidity of its surface. In a more recent 
publication Carniti demonstrated the stability of HMF in aqueous media in the presence of 
niobic acid catalyst.224 In this study HMF rehydration to levulinic (LA) and formic acids 
was not observed. Moreover, a mixture of both fructose and HMF as initial substrates 
resulted in formation of only HMF and humins but not LA. A control experiment with LA 
did not affect fructose to HMF conversion. 
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Table 1.3. Conversion of carbohydrates to HMF using heterogeneous catalysts. 
substrate catalyst solvent 
temp 
(°C) 
reaction 
time 
conversion 
(%) 
HMF 
yielda 
(%) 
Ref 
 
fructose NbOPO4 water 110 N/A
b 80 25 204 
fructose TiO2 hot-compressed H2O 200 5 min 98 24 205 
glucose TiO2 hot-compressed H2O 200 5 min 82 18 205 
fructose ZrO2 hot-compressed H2O 200 5 min 90 17 205 
glucose ZrO2 hot-compressed H2O 200 5 min 50 18 205 
fructose TiO2 hot-compressed H2O 200 5 min 84 38 206 
glucose TiO2 hot-compressed H2O 200 5 min 64 19 206 
glucose H3PMo12O40 [EMIM]Cl 120 3h 71 63 61 
glucose H3PMo12O40 [EMIM]Cl/acetonitrile 120 3h 99 97 61 
corn stover Cr[(DS)H2PW12O40]3 water 150 2h - 31 207 
XSBc husks Cr[(DS)H2PW12O40]3 water 150 2h - 36 207 
cellulose Cr[(DS)H2PW12O40]3 water 170 4h 100 >70 207 
glucose Ag3PW12O40 4:9 water/MIBK 120 4h 89 76 208 
glucose 12-TPA/B(OH)3 [BMIM]Cl 140 40 min - 52 209 
fructose Cs2.5H0.5PW12O40 water/MIBK 115 1h 78 74 210 
fructose [MIMPS]3PW12O40 sec-butanol 120 2h - 99 211 
fructose DOWEX® 50WX8-100 7:3 acetone/DMSO 150 20 min 98 90 212 
fructose DOWEX® 50WX8-100 7:3 acetone/H2O 150 15 min 94 73 213 
glucose DOWEX® 50WX8-200 [BMIM]Cl 100 4h - 70 214 
fructose DOWEX® 50WX8-200 [BMIM]Cl 100 4h - 60 214 
sucrose DOWEX® 50WX8-200 [BMIM]Cl 100 3h - 71 214 
inulin DOWEX® 50WX8-200 [BMIM]Cl 100 3h - 67 214 
cellulose DOWEX® 50WX8-200 [BMIM]Cl 100 3h - 13 214 
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Table 1.3 (Continued) 
 
substrate catalyst solvent 
temp 
(°C) 
reaction 
time 
conversion 
(%) 
HMF 
yielda 
(%) 
Ref 
fructose Amberlyst® 15 [BMIM]Cl 100 3h - 34 214 
glucose Amberlyst® 15 [BMIM]Cl 100 3h - 61 214 
fructose Amberlyst® 15 [BMIM]Cl 80 10 min 99 83 215 
fructose Amberlyst® 15 7:1 [BMIM]Cl/acetone 25 6h 90 87 216 
inulin 
Amberlyst® 
15/[BMIM][HSO4 
[BMIM][HSO4/[BMIM]Cl 80 65 min - 82 217 
glucose Cr3+-D001-cc resin [BMIM]Cl 110 30 min - 61 218 
fructose H+-D001-cc resin [BMIM]Cl 75 20 min - 93 219 
fructose H-form mordenites 1:5 H2O/MIBK  165 60 min 76 69 220 
cellulose H-form zeolite/LiCl [EMIM]Cl 160 30 min - 70 221 
glucose Sn-Beta zeolite/HCl H2O/THF 180 70 min 79 57 222 
starch Sn-Beta zeolite/HCl H2O/THF 180 100 min 36 13 222 
cellobiose Sn-Beta zeolite/HCl H2O/THF 180 100 min 75 52 222 
fructose Hβ-zeolite [BMIM]Cl 150 50 min - 87 223 
glucose Hβ-zeolite [BMIM]Cl 150 50 min 81 50 223 
sucrose Hβ-zeolite [BMIM]Cl 150 50 min - 68 223 
maltose Hβ-zeolite [BMIM]Cl 150 50 min - 48 223 
cellobiose Hβ-zeolite [BMIM]Cl 150 50 min - 49 223 
starch Hβ-zeolite [BMIM]Cl 150 50 min - 45 223 
cellulose Hβ-zeolite [BMIM]Cl 150 50 min - 47 223 
        
aMolar yield, bN/A: time not applicable because this is a continuous flow process. cXSB is Xanthoceras sorbifolia Bunge. 
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Watanabe and coworkers investigated glucose and fructose dehydration using TiO2 and 
ZrO2 in hot compressed water in a batch reactor.
205 Anatase TiO2 (which was found to act 
as an acid catalyst) was effective in isomerizing glucose to fructose, thus promoting 
formation of HMF. HMF yield of 24% at 98% fructose conversion was obtained from TiO2 
in 5 min at 200 °C and 2.5MPa of argon. Starting with glucose, 23% HMF yield was 
accessed at 82% conversion whereas ZrO2 achieved only 18% HMF yield at a glucose 
conversion of 50% at similar conditions. Qi et al. also studied the dehydration of glucose 
and fructose in hot compressed water at a temperature of 200 °C under microwave 
irradiation and sand bath heating.206 Using TiO2 as the catalyst, HMF yield of 38% was 
obtained from fructose (84% fructose conversion) after 5 min under microwave irradiation. 
Glucose dehydration under similar conditions yielded 19% HMF at 64% glucose 
conversion. It was observed that fructose conversion and HMF yields were higher for 
microwave heating than for sand bath heating. Addition of TiO2 and ZrO2 resulted in 
increased conversion of fructose and glucose as well as enhancing HMF formation. Acting 
as a base, ZrO2 was suggested to promote isomerization of glucose to fructose, conversions 
were higher. Interestingly, H2SO4 which was used in this study gave the highest HMF yield 
(47%) under similar reaction conditions.  
Heteropolyacids were reported by Chidambaram and Bell to be efficient and selective 
catalysts for the dehydration of glucose in an ionic liquid.61 They investigated the catalytic 
activity of 12-tungstophosphoric acid (12-TPA (H3PW12O40)), 12-molybdophosphoric acid 
(12-MPA (H3PMo12O40)), 12-tungstosilicic acid (12-TSA (H3SiW12O40)), and 12-
molybdosilicic acid (12-MSA (H3SiMo12O40)). Comparable glucose conversion was 
achieved using both heteropolyacids and mineral acids but selectivity for HMF was much 
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higher with heteropolyacids than that observed with liquid acids. In [EMIM]Cl, HMF yield 
of 63% at 71% glucose conversion was obtained when 1 mol % 12-MPA was used at 120 
°C for 3 h. Addition of acetonitrile (10 mol% relative to glucose) to [EMIM]Cl or 
[BMIM]Cl under similar reaction conditions (1 mol % 12-MPA, 3 h, 120 °C) resulted in a 
significant increase in glucose conversion (99%) and HMF selectivity, giving an HMF 
yield of 97%. The authors speculated that the addition of acetonitrile as a co-solvent 
lowered the viscosity of the ionic liquid and thus reduced formation of humins from 
glucose. The high HMF selectivity achieved with heteropolyacid catalysts was believed to 
result from stabilization of the 1,2-enediol intermediate shown in the proposed mechanism. 
Similarly, Hu et al. demonstrated that 12-TPA in combination with boric acid (B(OH)3) 
were efficient in converting glucose into HMF in [BMIM]Cl.209 After optimization of 
various reaction parameters, a HMF yield of 52% was achieved at 140 °C in 40 min. Even 
though 20 mol % of 12-TPA as catalyst gave modest HMF yield, using B(OH)3 promoted 
the catalytic activity of the system, in agreement with literature reports.196 Comparison of 
[BMIM]Cl with other solvent systems showed that tetraethylammonium chloride also 
favored HMF formation. Moreover, the 12-TPA/B(OH)3 catalyst could be recycled without 
loss of activity. Zhao et al. also reported the use of the heteropolyacid catalyst, 
Cs2.5H0.5PW12O40, that can selectively convert fructose into HMF in a water/MIBK 
biphasic system.210 Most importantly, it was demonstrated that the system was efficient at 
high fructose concentrations (30-50 wt. %). Using 4.7 mol % of Cs2.5H0.5PW12O40 at 115 
°C for 60 min, HMF selectivity and yield of 95% and 74%, respectively was obtained from 
30 wt. % fructose. Huang and co-workers described the use of a heteropolyacid salt of an 
IL-forming cation for the dehydration of fructose to HMF.211 A maximum HMF yield of 
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99% was achieved at 120 °C after 2 h in sec-butanol solvent using 1-(3-
sulfonicacid)propyl-3-methylimidazolium phosphotungstate ([MIMPS]3PW12O40) as a 
catalyst. It was possible to separate the catalyst from the reaction mixture by a facile 
process enabling its recycling in multiple reactions without loss of activity.  
Wang’s group investigated a Brønsted–Lewis acid–surfactant combined 
heteropolyacid catalyst, Cr[(DS)H2PW12O40]3 (DS represents OSO3C12H25, dodecyl 
sulfate), for converting cellulose directly into HMF in water in a one-pot reactor.207 Using 
this catalyst, HMF yield of >70% at 100% cellulose conversion was obtained after 4 h at 
170 °C. At 150 °C for 2 h, HMF yields of 31% and 36% were obtained from untreated corn 
stover (~57% dry weight) and husks of Xanthoceras sorbifolia Bunge (XSB) (~63% dry 
weight), respectively. High catalytic activity of Cr[(DS)H2PW12O40]3 was speculated to 
result from a synergistic effect of its Lewis acidity (originating from the metal cation as an 
electron acceptor), which favored hydrolysis of cellulose into glucose, and Brønsted acidity 
(from protons of the heteropolyacid molecule) which promoted the dehydration of the 
resulting sugar to HMF. The same group developed another heteropolyacid salt, 
Ag3PW12O40, which selectively converted fructose and glucose to HMF in a biphasic 
solvent system (water and MIBK).208 At 120 °C, 78% HMF yield was achieved from 
fructose in 1 h and 76% yield from glucose in 4h using a 4:9 water:MIBK solvent. It was 
shown that the catalyst can be recycled and was tolerant to high feedstock concentration. 
A number of research groups have used ion exchange resins as catalysts for 
carbohydrates dehydration. Qi and coworkers used a strong acid cation-exchange resin 
(DOWEX® 50WX8-100) as a catalyst for dehydration of fructose in acetone/DMSO 
mixtures under microwave heating.212 Increasing the proportion of acetone in the solvent 
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mixture was found to promote dehydration of fructose to HMF. In a 70:30 (w/w) 
acetone/DMSO solvent mixture HMF yield of ~90% (fructose conversion of 98%) was 
obtained when a 2 wt. % of fructose was heated at 150 °C for 20 minutes in the presence 
of the catalyst. This system was also effective for more concentrated fructose solutions (10 
wt. %), providing an HMF yield of 82% in 10 minutes. The catalyst was also shown to 
retain its activity after recycling it for five times. A similar study by the same research lab 
demonstrated that DOWEX® 50W8-100 catalyzed fructose dehydration in an acetone-
water (70:30 w/w) solvent mixture, where they obtained HMF yield of 73% for 94% 
fructose conversion.213 
In a recent communication, acidic ion-exchange resins were demonstrated to catalyze 
various sugars, including pentoses, hexoses, di, tri, and polysaccharides in ionic liquids 
into 2-furaldehydes.214 Among the catalysts screened in [BMIM]Cl, Amberlyst® 15 and 
DOWEX® 50WX8-200 were shown to be effective in dehydration reactions. Amberlyst® 
15 afforded HMF yields of 61% and 34% from glucose and fructose, respectively. In the 
presence of DOWEX® 50WX8-200 at 100 °C for 4 h, 60% and 70% HMF yield was 
obtained from fructose and glucose, respectively. Arabinose, xylose, and ribose gave 92%, 
59%, and 90% furfural at 100 °C for 3 h whereas HMF yields of 71%, 47%, 67% and 13% 
were obtained from sucrose, raffinose, inulin, and cellulose, respectively using DOWEX® 
50WX8-200 at similar reaction conditions.  
Sulfonic ion-exchange resin such as Amberlyst® 15 was also demonstrated to be 
efficient in ionic liquids.215 When [BMIM]Cl was used as a solvent, a HMF yield of 83% 
was obtained at 99% fructose conversion in 10 minutes at 80 °C using conventional 
heating. Under microwave heating at a reaction temperature of 120 °C, 82% HMF yield 
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was obtained in 1 min at essentially 100% fructose conversion. The catalytic activity 
remained unchanged when the catalyst was recycled for 7 successive runs. Qi et al. used 
Amberlyst® 15 to catalyze fructose conversion at room temperature in [BMIM]Cl and 
organic solvent mixtures.216 By adding co-solvents such as acetone, DMSO, ethanol, 
methanol, ethyl acetate, and supercritical CO2 to the ionic liquid, HMF yields of 78–82% 
was achieved for fructose conversion of 89–95% in 6 h at 25 °C. Addition of the co-
solvents reduced the viscosity of the reaction mixture and facilitated reaction at room 
temperature. 
Using a strong acidic cation exchange resin catalyst, Smith Jr. et al. reported a one-pot, 
two-step process for HMF preparation from inulin in ionic liquids.217 The first step 
involved hydrolysis of inulin to fructose. This was accomplished by using 1-butyl-3-
methylimidazolium hydrogen sulfate ([BMIM][HSO4]) as both solvent and catalyst, from 
which a fructose yield of 84% was obtained in 5 minutes at 80 °C. The fructose obtained 
was selectively converted into HMF in the second step using Amberlyst® 15 ion exchange 
resin in [BMIM]Cl solvent, giving an HMF yield of 82% in 65 min at 80 °C. 
Liu et al. reported the modification of a commercially available D001-cc cation-
exchange resin by addition of chromium to obtain Cr3+-D001-cc and Cr2+-D001-cc, which 
were used as catalysts for converting glucose into HMF in [BMIM]Cl.218 The catalyst 
showed good catalytic performance compared to the unmodified resin. An HMF yield of 
61% from glucose was obtained at 110 °C for 30 min with 0.1 g of the catalyst. The 
catalytic activity of Cr3+-D001-cc was enhanced by the introduction of strong Lewis acidic 
sites which is required for glucose conversion to HMF. The catalyst could be used up to 
six times with minimal loss of catalytic performance. D001-cc resin modified with other 
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metal ions did not display any catalytic activity. The same lab investigated fructose 
dehydration to HMF in the same ionic liquid using a H+-D001-cc ion-exchange resin 
catalyst which exhibited excellent performance achieving an HMF yield of 93% at 75 °C 
for 20 min.219 The catalytic activity of H+-D001-cc resin was attributed to rich Brønsted 
acidic sites, which favor fructose dehydration. 
Zeolites have been extensively studied as catalysts for carbohydrate conversion to 
HMF. Moreau’s group investigated fructose transformation to HMF using dealuminated 
H-form mordenites in a solvent mixture consisting of water and MIBK.220 H-mordenite 
containing a 11:1 Si:Al ratio, under optimal conditions gave a maximum HMF yield of 
69% at 76% fructose conversion. It was reported that fructose conversion and HMF 
selectivity depended on both the acidic and structural properties of the catalysts used. This 
was particularly observed with H-mordenites whose bidimensional structure lacked 
cavities that allow formation of unwanted secondary products. H-form zeolites, in 
combination with alkali metal chlorides, have also been reported to directly convert 
cellulose to HMF in [EMIM]Cl.221 These systems included zeolite/MCl (where M is Li, 
Na, or K). The alkali metal chlorides enhanced the catalytic activity of the H-form zeolites; 
with zeolite/LiCl giving the highest HMF yield of 70% at 160 °C for 30 min. The authors 
speculated that the superior catalytic activity observed for zeolite/LiCl was as a result of 
its higher ability to retain HMF on the surface of H-form zeolite system; as Zeolite/KCl 
and zeolite/LiCl systems formed the highest yield of furans (83% and 81%, respectively) 
at 140 °C for 75 min. 
Moliner and coworkers demonstrated that large-pore tin-containing beta zeolites (Sn-
Beta) can isomerize glucose to fructose in aqueous media.225 Using a 10 % (wt/wt) glucose 
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solution containing Sn-Beta (1:50 Sn:glucose molar ratio) a product yield of about 46% 
glucose, 31% fructose, and 9% mannose (all in wt/wt) was obtained after 30 min and 12 
min at 110 °C and 140 °C, respectively. It was also demonstrated that similar reactivity 
was maintained at higher (45% wt/wt) glucose loading. Furthermore, the catalyst was 
shown to be effective in isomerization of glucose in highly acidic media. This is an 
attractive feature especially in single reactor processes that combines hydrolysis of 
polysaccharides, isomerization of monosaccharides, and dehydration reactions to HMF. 
The same group reported mechanistic studies on isomerization of glucose using Sn-
Beta.226-227 Through 1H and 13C NMR spectroscopy on isotopically labeled glucose, it was 
shown that Lewis acidic Sn-Beta catalyzed glucose isomerization to fructose in aqueous 
media through an intramolecular hydride shift instead of a proton transfer. Through 
experimental and computational studies, they showed that the hydrophobic Sn-Beta 
functions in a manner that appears to be similar to that the metalloenzyme D-xylose 
isomerase, which is used commercially for conversion of glucose to fructose.   
At the same time, Nikolla et al. demonstrated that Sn-Beta combined with HCl in a 
“one-pot” biphasic reactor of water and tetrahydrofuran (THF) is effective in converting 
glucose, cellobiose and starch to HMF.222 By heating a 10 wt % glucose solution in a 
water:THF (1:3 v/v), with NaCl as an additive, at 180 °C for 70 minutes in the presence of 
Sn-Beta (200:1 glucose to Sn molar ratio) and HCl, a HMF yield of 57 % was achieved at 
a glucose conversion of 79 %. Under similar reaction conditions, cellobiose and starch 
afforded 13 % and 52 % HMF yield, respectively. The synergistic action of HCl (which 
catalyzed depolymerization of starch to glucose and dehydration of fructose to HMF) and 
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Sn-Beta (which catalyzed isomerization of glucose to fructose) was attributed to the 
enhanced overall HMF selectivity. 
Lei Hu and coworkers investigated a variety of zeolite catalysts for glucose conversion 
to HMF in [BMIM]Cl and found that the Si/Al ratio and pore structure of the catalysts has 
a significant impact on HMF yield.223 Hβ-zeolite containing a Si/Al ratio of 25 
demonstrated the highest catalytic activity, giving a HMF yield of 50% at 81% glucose 
conversion at 150 °C in 50 min. In addition to its recyclability, it was also shown that Hβ-
zeolite can be used to convert other carbohydrates such as fructose, sucrose, maltose, 
cellobiose, starch and cellulose into HMF, achieving HMF yields of 87%, 68%, 48%, 49%, 
45%, and 47%, respectively. 
 
1.8. Mechanistic aspects of HMF formation from sugar dehydration 
There is a wide range of products that are formed from the catalytic dehydration of 
monomeric C5 and C6 sugars. The major products include HMF, furfural, levulinic acid, 
formic acid, and humins. This section will mainly focus on the chemistry of HMF 
formation from glucose and the commonly proposed mechanisms for its conversion to 
HMF. There is still no consensus in literature on the reaction mechanism for sugar 
dehydration. Even though the main products of monomeric C5 and C6 sugars dehydration 
is HMF, and furfural, respectively, these reactions are usually accompanied by numerous 
side reactions resulting in the formation of organic acids and humins.70, 228 For instance, 
organic acids such as levulinic and formic acids formed during hexose dehydration 
reactions can act as catalysts that drive these reactions further.229 Other important factors 
affecting dehydration reactions include reaction conditions such as temperature, solvent 
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type, and catalysts. A review of the chemistry of hexose dehydration with a focus on widely 
accepted reaction mechanisms is provided.  
Generally, two mechanistic pathways have been proposed for the dehydration of 
hexoses into HMF, the cyclic and acyclic intermediates pathways. There is limited 
experimental evidence to support either of the mechanistic pathways and a consensus on 
the actual mechanism has not been arrived at. While discussing the mechanism of hexose 
conversion to HMF, it is important to note that two processes, isomerization and 
dehydration reaction, are involved. For instance, glucose is first isomerized to fructose, 
followed by dehydration of fructose to HMF. Isomerization is usually reported starting 
either with the cyclic or acyclic forms of glucose, where the former undergoes a ring 
opening step before isomerization occurs.  
The pathway followed by hexose dehydration is usually dependent on the type of 
catalysts used. Lewis acid catalyzed pathways usually involve the formation of fructose, 
which is then dehydrated into HMF. On the other hand, Brønsted acid catalysts such as 
HCl and H2SO4 have been postulated to follow a pathway that directly convert hexoses 
into HMF.230 A typical example of a mechanism proposed for the direct transformation of 
glucose to HMF, catalyzed by strong Brønsted acids is shown in Figure 1.8.197, 230  
In the acyclic pathway it is assumed that the formation of the widely accepted linear 
1,2-enediol intermediate150, 231-232 (see Scheme 1.4) through a rate-limiting step in the 
isomerization of an aldose to a ketose by the so-called Lobry de Bruyn-Alberda van 
Ekenstein (LBAE) transformation is usually involved.233-235 The mechanism of the 
transformation, starting with an aldose is shown in Figure 1.9. The 1,2-enediol intermediate 
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undergoes two consecutive β-dehydration reactions and a ring closure with water 
elimination to form HMF.  
A version of the acyclic pathway proposed by Anet for glucose transformation to 
fructose through the 1,2-enediol intermediate is shown in Scheme 1.4.236 It was further 
proposed that dehydration of the enediol intermediate formed 3-deoxyglucos-2-ene based 
on the isolation of its tautomer, 3-deoxyglucosone (also known as 3-deoxy-hexosulose), as 
a (2,4-dinitrophenyl)osazone derivative, from acid-catalyzed dehydration of fructose to 
HMF. Direct dehydration of glucose or fructose was also posited to result in the formation 
of the 3-deoxygluco-2-ene intermediate, which upon loss of an additional water molecule 
formed 3,4-deoxyglucosene which undergoes ring closure to form HMF with elimination 
of water. A recent study comparing dehydration of fructose and 3-deoxyglucosone to 
HMF237 demonstrated that the later exhibited a significantly higher rate of HMF formation 
than the former, which is an indication that 3-deoxyglucosone is a potential intermediate 
in the conversion of fructose to HMF. 
   
Figure 1.8. Mechanism of glucose dehydration to HMF catalyzed by a Brønsted acid. 
Adapted from reference 230. 
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Figure 1.9. The Lobry de Bruyn-Alberda van Ekenstein (LBAE) transformation which can 
be catalyzed by a base or acid. 
 
When Moreau and coworkers investigated fructose dehydration in water using H-
mordenites as a catalyst, small amounts of glucose and mannose resulting from fructose 
isomerization were observed.238 It was argued that the presence of these hexoses support 
the acyclic route for dehydration of fructose through a 1,2-enediol intermediate. Both 
glucose and mannose can be formed through the 1,2-enediol intermediate. Small amounts 
of furfural and hydroxyacetylfuran (HAF) were also observed. Furfural was proposed to 
form from a decarbonylation reaction that occurred alongside the final dehydration step to 
HMF. HAF is proposed to form from a 2,3-enediol species in equilibrium with the 1,2-
enediol intermediate. Unfortunately, there was no spectroscopic or labeling experiments 
performed to support the proposed mechanism.  
 
63 
 
 
Scheme 1.4. Acyclic pathway for dehydration of hexoses to HMF proposed by Anet.236 
 
The acyclic aldose-ketose isomerization has also been postulated to involve a hydrogen 
transfer from the carbon at position 2 (C2) to the carbon at position 1 (C1) and from 
hydroxyl oxygen at position 2 (O2) to the oxygen at position (O1) of an α-hydroxy 
aldehyde to form the corresponding α-hydroxy ketone (Scheme 1.5).239 As proposed by 
Davis and coworkers226, the mechanism can either follow a proton transfer pathway 
(Scheme 1.5A) or an intramolecular hydride shift (Scheme 1.5B). The preferred pathway 
for a specific isomerization reaction largely depends on the solvent used and other reaction 
conditions. The proton transfer pathway has been proposed to occur in base-catalyzed 
isomerization reactions in which a series of enolate intermediates are involved. The 
intramolecular hydride shifts pathway is favored in the presence of Lewis acid metal 
centers (abbreviated MLn in Scheme 1.5). This pathway has received a lot of attention and 
various Lewis acids such as AlCl3
198, GeCl4
176, SnCl4
175, lanthanide salts170-171, etc., have 
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been investigated. Both pathways have been probed using spectroscopy and isotopic 
labeling225-226, 240-243 and the interested reader is encouraged to refer to the references 
provided here.  
In addition to the acyclic pathway, there are various proposed mechanisms for the 
cyclic pathway. The cyclic mechanism has been shown in different catalytic reaction 
systems involving mineral acids, metal salts, and solvent-mediated catalysis. Through 
experimental studies of fructose dehydration using sulfuric acid, Antal et al. proposed that 
fructose is converted to HMF through cyclic intermediates.231 The authors based their 
proposition on the ease of HMF formation from fructose and the fructosyl moiety of 
sucrose relative to glucose and other aldohexoses, and the facile conversion of 2,5-
anhydro-D-mannose into HMF. This proposal is consistent with previous published reports 
where hexoses were converted to HMF in deuterium oxide (D2O) using sulfuric and oxalic 
acids.244 In these studies incorporation of deuterium in the final product HMF was not 
observed. Lack of a C-D bond in HMF indicated that the reaction did not proceed through 
the acyclic mechanism involving a keto-enol tautomerism which would otherwise 
incorporate deuterium atom in HMF. In this case, dehydration of C6 sugars is proposed to 
occur via a five-membered monosaccharide ring.230  
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Scheme 1.5. Mechanism of glucose isomerization to fructose by (A) proton transfer (B) 
intramolecular hydride shift. 
 
In support of the cyclic mechanism, a key discovery was made by Amarasekara while 
investigating fructose dehydration at 150 °C using DMSO, both as a solvent and catalyst.245 
A kinetic study was conducted in which the temporal formation of HMF and identifiable 
intermediates using spectroscopic methods was measured. From the results obtained by 1H 
and 13C NMR, a mechanism was proposed in which the α- and β-furanose forms of fructose 
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were converted to HMF by loss of three water molecules. HMF was claimed to form 
through a reaction intermediate which was characterized and established as (4R,5R)-4-
hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde (I) by NMR spectroscopy 
(Scheme 1.6). Recently, a similar pathway was described by Akien et al. in their study of 
acid catalyzed conversion of fructose to HMF. In situ 1H and 13C NMR was utilized to 
identify several intermediates and different reaction paths in various solvents. Using 
isotopic labeling the irreversibility of the last three steps from the fructofuranosyl 
oxycarbenium ion (A, Scheme 1.5b) to HMF was demonstrated, which is in agreement 
with literature reports.58 
Zhang and coworkers used metal chlorides for converting glucose to HMF in ionic 
liquids.178 In the proposed mechanism (see Scheme 1.2) it was suggested that the best 
catalyst in their system, CrCl2, in [EMIM]Cl formed complexes [EMIM]
+CrCl3
–. The 
[EMIM]+CrCl3
– complex was proposed to interact with glucose catalyzing the mutarotation 
resulting in interconversion of α-glucopyranose and β-glucopyranose. The complex further 
catalyzes isomerization of β-glucopyranose to fructose through a formal hydride transfer – 
where CrCl3
– was suggested to be critical – was followed by dehydration to HMF. 
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Scheme 1.6. Representative proposed cyclic mechanisms for dehydration of fructose to 
HMF in dimethyl sulfoxide.245  
 
In 2009 Binder and Raines investigated glucose and fructose dehydration in DMA 
solvent with metal halide additives.58 In this study it was proposed that a hexacoordinate 
chromium (II) complex facilitated the isomerization of glucose to fructose through an 
enediolate intermediate. A mechanism was proposed in which fructose is converted to the 
fructofuranosyl oxycarbenium ion (A) by loss of a water molecule (Scheme 1.7). Two 
versions of the mechanism for converting the fructofuranosyl ion to an enol were proposed. 
In one version, the halide is argued to function as a nucleophile (which attacks A to form 
intermediate B which forms an enol by loss of HCl) and a leaving group and in another it 
acted as a base that abstracts a proton from the C1 of A. This mechanism was supported 
by the higher yield of HMF obtained using bromide and iodide as additives versus 
chlorides, consistent with the fact that bromide and iodide are both better nucleophiles and 
better leaving groups than chloride. 
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Scheme 1.7. Representative proposed cyclic mechanisms for dehydration of glucose to 
HMF using chromium halides in DMA-LiCl solvent.58 
 
While the mechanisms discussed above suggest the fundamental pathways for sugar 
transformation to HMF, the main focus was on aqueous systems. With the recent interest 
in ionic liquids or biphasic solvents, new insights on the mechanistic processes proposing 
the role of solvents come to the forefront, even though the mechanism for sugar 
dehydration does not change. For instance, the work of Hensen et al.246 described 
previously provides key insights on the activation of C–H bonds in sugars through a 
cooperative coordination of chromium Lewis acid centers in catalyzing isomerization of 
glucose to fructose (see Scheme 1.3 and the related text). Ionic liquids such as [BMIM]Br 
can catalyze dehydration of ketoses into HMF.247 These are new frontiers that provide more 
avenues for discovery and gaining more understanding of carbohydrate chemistry and their 
conversion to furanic compounds.  
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In concluding this section, it is important to mention that the conversion of 
carbohydrates into HMF is not perfectly selective. This is one of the limitations that has to 
be overcome before commercialization of HMF production from lignocellulosic sugars. In 
acidic media, HMF can rehydrate to form levulinic acid and formic acid, as shown in 
Scheme 1.8. Moreover, decomposition of HMF may occur resulting to humins (humin 
formation mechanism is discussed in the following section). These challenges provide an 
opportunity for development of technologies that enhance HMF selectivity in the 
conversion of carbohydrates.  
 
Scheme 1.8. Glucose conversion to HMF and subsequent pathways for HMF 
decomposition. 
 
1.9. Mechanisms for humins formation  
The mechanism for humins formation from sugar dehydration reactions has not 
received much attention. From studies done in this field, several postulates are used to 
describe the process. One of the postulates involves condensation reactions between sugars 
and furanics such as HMF or furfural. Sevilla and Fuertes proposed this pathway while 
studying the chemical and structural properties of carbonaceous material generated from 
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hydrothermal carbonization of saccharides.248 It was posited that condensation reactions 
between products from cellulose and sugar dehydration with furans obtained in situ, 
together with aromatization of polymers resulted in the formation of the dark-solid 
products which were denoted as hydrochar (humins). Sumerskii and coworkers proposed 
mechanisms involving intermolecular condensation of HMF through an electrophilic 
attack of the carbonyl of one HMF molecule by the hydroxyl group of another HMF 
molecule resulting to formation of ether or acetal bonds between rings.249 A mechanism 
involving nucleophilic attack of the ring carbons of HMF has also been proposed.250 In the 
studies mentioned above, examples of models representing the molecular structure of 
humin fragments and the common linkages suggested by experimental data have been 
proposed.  
A different pathway for humin formation was proposed by Horvat et al. while studying 
the mechanism of levulinic acid formation from acid-catalyzed hydrolysis of HMF.251-252 
In their study they demonstrated that HMF is converted to levulinic acid, formic acid, and 
humins as shown in Scheme 1.9. It was proposed that regioselective addition of water to 
the HMF ring on the carbon adjacent to the hydroxymethyl group resulted in an identifiable 
intermediate having the potential of converting to 2,5-dioxo-6-hydroxyhexanal (DHH), a 
less stable intermediate. They suggested that DHH may undergoes polymerization to form 
humins. Addition of water to the ring on the carbon adjacent to the carbonyl moiety of 
HMF was proposed to result in levulinic and formic acids. These results were supported 
by characterization of some reaction products using 13C NMR spectroscopy. While Horvat 
did not propose a mechanism for the polymerization of DHH, their study was important in 
providing fundamental understanding of humins formation.    
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Scheme 1.9. HMF conversion to levulinic acid and humins according to Horvat et al.252 
 
Another study involving humins formation and characterization was reported by Lund 
et al.253-254 Using IR spectroscopy and scanning electron microscopy (SEM) to characterize 
humins obtained from acid catalyzed dehydration of fructose, glucose, and HMF 
rehydration, it was reported that humins could not be directly formed from sugars, but 
instead from DHH, a key intermediate, formed by HMF rehydration. A mechanism for 
humin formation was proposed in which DHH, formed by HMF rehydration, is a key 
intermediate (Scheme 1.10). Humins were proposed to be formed via subsequent aldol 
condensations of the highly reactive DHH intermediate with the carbonyl group of HMF, 
with the extent of HMF incorporation in the humin structure being dependent on the 
accumulation of HMF during the reaction. van Zandvoort et al. have similarly suggested 
that humins are mainly derived from HMF based on their finding that addition of HMF to 
the glucose feed barely changed the elemental composition of the humin obtained from 
acid-catalyzed dehydration of glucose.250 In this regard, van Zandvoort and coworkers 
proposed the molecular structure of humins fragments produced from sugar dehydration 
reactions as shown in Figure 1.11.  
While the proposed mechanisms discussed above provide valuable information about 
different routes from which humins are formed, certainly more studies are required to 
elucidate the molecular structure of these solid byproducts generated from sugar 
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dehydration. Characterization of sugar dehydration derived-humins reported in literature 
show that their structure incorporates furan rings resulting from HMF. More importantly, 
to increase selectivity for HMF from glucose and fructose dehydration, new technologies 
that limit formation of HMF need to be developed.     
 
1.10. Objective and dissertation outline 
As discussed in section 1.7, various catalytic systems have been used in the conversion 
of carbohydrates to HMF. While varied results are obtained depending on the catalysts 
used, aluminum catalysts are promising due to their efficiency in catalyzing the 
isomerization of aldoses to ketoses. Selective isomerization, for example, of glucose to 
fructose, is key in the formation of HMF from sugars. As previously discussed aluminum-
based compounds are comparable to that of chromium in the conversion of sugars to HMF. 
Moreover, aluminum compounds are ubiquitous, relatively less toxic, and cheap, compared 
to the current benchmark chromium catalysts whose toxicity and high cost limits their 
commercialization as catalysts for sugar dehydration.  
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Scheme 1.10. (a) Rehydration of HMF to DHH. (b) Condensation of DHH with HMF. (c) 
Aldol condensation reactions of HMF with DHH results in the formation of humins 
(idealized structure, reproduced with permission).250, 254-255 
 
 
Figure 1.10. Proposed molecular structure of humin fragments obtained from glucose 
dehydration reactions (reproduced with permission).255  
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In carbohydrate-to-HMF transformation literature, the widely studied aluminum 
species include aluminum halides and triflates. Additionally, aluminum alkyl or alkoxy 
compounds have been investigated as catalysts for dehydration of sugars, and while these 
compounds are promising, their oligomeric and undefined structures, and their pyrophoric 
nature poses problems of safe handling. In this regard, AlCl3 has received considerable 
attention in this field, even though in many studies high catalyst loadings (10-40 mol% 
relative to sugar substrates) are used, which makes it less attractive in an industrial setting. 
In spite of these challenges, there is still room for improvement, such as the development 
of well-defined aluminum catalytic systems.    
The goal of this project is to develop well-defined Lewis acidic aluminum complexes 
of the general formula LRAlX2 (where L
R is the (aminomethyl)phenol ligand with various 
substituents both on the phenoxy ring and the amino group, and X are spectator ligands on 
the aluminum center), shown in Figure 1.12, and investigate their catalytic potential in 
sugar dehydration. In particular, the efficiency of these complexes in converting 
monosaccharides, such as glucose and fructose, into HMF is evaluated. Moreover, this 
project is conducted to develop a better understanding of the mechanistic aspects of 
aluminum complexes in sugars dehydration reactions. 
 
  
Figure 1.11. Catalytic framework for (aminomethyl)phenolate aluminum complexes. 
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The (aminomethyl)phenolate ligand framework was chosen for developing our 
catalytic system for several reasons. First, the ligands are easily synthesized from a simple 
condensation reaction of phenols and primary amines. Moreover, the initial amine and 
phenol derivatives consisting of various substituents can easily be synthesized or obtained 
commercially. Consequently, a wide range of catalyst design possibilities can be accessed 
from this ligand framework. Secondly, the catalytic efficiency of the resulting aluminum 
complexes and their properties can be tuned by systematically investigating various ligands 
with diverse stereochemical and electronic properties by functionalization of the 
substituents R1–R4 and well as the X donor ligands (Figure 1.12). Depending on the 
substituents on the (aminomethyl)phenolate ligand system, well-defined monomeric 
aluminum compounds whose structure in solution and solid-state phases are known can be 
obtained. In addition, knowledge of the molecular structure of the precatalyst species is 
very important in probing the mechanism of aluminum-catalyzed sugar dehydration 
reactions.  
1-Alkyl-3-methylimidazolium ionic liquids were used as the major solvent system in 
this project. Research shows that some 1-alkyl-3-methylimidazolium ionic liquids can 
solubilize cellulose.104-105, 128 Determination of the catalytic efficiency of the novel 
(aminomethyl)phenolate aluminum complexes in accessing HMF from monosaccharides 
such as glucose and fructose would provide insights on the application of these complexes 
in the conversion of polymeric lignocellulosic feedstocks. While the cost of ionic liquids 
as solvents can be a limitation, processes that mitigate costs by recovery and recycling of 
the solvent or use of concentrated carbohydrate substrates can be developed. 
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Chapter two discusses the synthesis of and screening of the catalytic activity of 
dimethylaluminum complexes bearing (aminomethyl)phenolate ligands that were 
developed for converting glucose to HMF in ionic liquids. A systematic study of the effects 
of modification of the ancillary ligands on the aluminum complexes on the efficiency of 
glucose conversion is presented. The effect of amino substituents on the catalytic efficiency 
of the aluminum complexes in converting glucose to HMF is investigated. The substituents 
on the amino moiety included alkyl groups with increasing steric bulk, and aromatic and 
para-substituted aromatic groups. In an effort to improve HMF yield, the effects of 
modifying the ligands on the phenolate moiety of the (aminomethyl)phenolate ligands is 
investigated in Chapter three. Bulky ortho-phenoxide substituents on the ligands were 
studied to find out steric effects of the catalytic activity of the complexes in glucose 
conversion. For complexes exhibiting high catalytic activity in Chapter two, substitution 
of the methyl donor ligands with chloride donor ligands is investigated. The presence of 
electron-withdrawing donor ligands on the metal center are expected to increase the Lewis 
acidity of the aluminum center, thereby influencing its catalytic efficiency. Since glucose 
is first isomerized to fructose before dehydration to HMF, the selectivity for HMF 
production with respect to fructose dehydration is investigated. Moreover, spectroscopic 
characterization of the humins generated from the dehydration of glucose and fructose is 
conducted to gain insights of their structure and mechanism of formation.  
In Chapter four a study on the structural differences of poor versus effective 
dimethylaluminum complexes bearing (aminomethyl)phenolate ligands is described. This 
study was conducted with the goal of obtaining insights about a molecular explanation of 
the catalytic activity trends observed for the complexes studied in Chapter 2. The 
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isomerization of glucose to fructose using aluminum complexes in N-methyl-2-pyrrolidone 
is discussed in Chapter five. NMR spectroscopy on isotopically labeled glucose was used 
to study the mechanism of glucose isomerization to fructose. The disappearance of sugar 
substrates was monitored to provide evidence for the proposed isomerization mechanism. 
Finally, Chapter six summarizes the findings of all the studies conducted and describes 
potential future directions for the research detailed in this dissertation.       
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 Catalytic dehydration of glucose to 5-(hydroxymethyl)furfural by 
aluminum complexes bearing bidentate (aminomethyl)phenolate ligands 
 
Note—This chapter has been published, in part, under the title “Effect of ancillary 
(aminomethyl)phenolate ligand on efficacy of aluminum-catalyzed glucose dehydration to 
5-hydroxymethylfurfural”. Reference: Saang’onyo, D. S.; Parkin, S.; Ladipo, F. T. 
Polyhedron 2018, 149, 153-162. (reprinted with permission) 
 
2.1. Introduction and General Considerations 
Glucose is the most abundant monosaccharide in cellulosic biomass hence efficient 
catalytic processes for its conversion into chemicals and biofuels are highly desirable.256-
258 Glucose dehydration is a promising method for synthesis of 5-(hydroxymethyl)furfural 
(HMF), an emerging bio-derived platform chemical that potentially could be used to 
produce a wide variety of high-value chemicals.234, 259 For example, HMF can be converted 
by selective oxidation into 2,5-furandicarboxylic acid (FDCA) which is attractive as a 
substitute for terephthalic acid in plastics production.158, 260 HMF can also undergo 
rehydration to produce levulinic acid (LA) which itself is a promising platform chemical 
that can be used as a feedstock for production of liquid hydrocarbon fuels.91 
Investigations of glucose dehydration234 using different catalysts (such as organic and 
inorganic acids, Lewis acids, salts, and zeolites) and solvents (including aqueous, organic, 
mixed aqueous/organic, and ionic liquids) have established that glucose conversion to 
HMF with Brønsted acids (such as HCl and H2SO4) typically proceeds via direct 
dehydration of glucose to HMF while with Lewis acid catalysts, the reaction typically 
proceeds via formation of fructose.197, 260 However, while mineral acids usually give HMF 
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in low yield and produce other byproducts, moderate-to-high yields of HMF have been 
reported in ionic liquids and high boiling organic solvents with various Lewis acid metal 
salts, such as CrCl2
58, 178, 261, SnCl4
175, 262, and AlCl3
197, 200, 203, 263 as catalysts. 
Given the much lower toxicity and cheaper cost of Al in comparison to Cr and Sn, the 
development of efficient Al catalysts for glucose conversion to HMF is receiving increased 
attention.187, 197, 200, 203 For example, Abu-Omar and coworkers have reported that AlCl3 
exhibits high glucose conversion activity in water/THF biphasic medium to give HMF in 
61% yield.200 Dumesic and coworkers have found that catalytic conversion of glucose with 
the combination of AlCl3 and a Brønsted acid (such as HCl) in a biphasic water/alkylphenol 
solvent system gave 62% yield of HMF.197 Rasrendra et al. used both AlCl3 and Al(OTf)3 
in DMSO for glucose conversion to produce HMF in 50% and 60% yield, respectively.264 
Liu and Chen showed that aluminum trialkyls (such as pyrophoric AlMe3 and AlEt3) and 
trialkoxides (such as Al(OPri)3 and Al(OBu
t)3) can give up to 50% HMF yield from glucose 
conversion in [EMIM]Cl.265 These studies indicate that aluminum species hold strong 
promise as Lewis acid catalysts for glucose conversion to HMF. However, the majority of 
studies used (10-30%) AlCl3 in different solvents, and current knowledge of ancillary 
ligand effects on the efficiency of glucose conversion to HMF with aluminum Lewis acid 
catalysts is lacking. Herein, we report a systematic study of the efficacy of easily prepared, 
air–stable dimethylaluminum complexes containing bidentate (aminomethyl)phenolate 
ligands as catalysts for the conversion of glucose to HMF in ionic liquids. We demonstrate 
that effective catalysts for glucose dehydration to HMF can be produced via modification 
of the (aminomethyl)phenolate ligand. 
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2.2. Experimental Section 
 General Procedures 
All manipulation of air- and/or moisture-sensitive compounds were carried out under 
dry nitrogen atmosphere using standard Schlenk or glovebox techniques. All solvents were 
dried and distilled by standard methods266 prior to use and stored in a glovebox over 4Å 
molecular sieves that had been dried in a vacuum oven at 150 °C for at least 48 h. All 
glassware was dried in an oven at 110 °C for 24 hours before use. Unless otherwise stated, 
all reagents and chemicals were used as received. Toluene, THF, ethanol, petroleum ether, 
n-hexane, chloroform, methylene chloride, and methanol (all ACS grade) was purchased 
from Pharmco-Aaper. Ethyl acetate and acetonitrile were purchased from Fisher Scientific. 
D-(–)-Fructose (≥ 99%), D-(+)-glucose (≥ 99.5%), 5-hydroxymenthylfurfural (99%), 
AlMe3 (2.0 M in hexanes), 2-tert-butyl-4-methylphenol (99%), N-methylbenzylamine 
(97%), N-ethylbenzylamine (97%), N-isopropylbenzylamine (97%), N-benzylaniline 
(99%), 4-methylaniline (99.6%), 4-chloroaniline (98%), benzaldehyde (≥ 98%) and 
poly(methylhydrosiloxane) were purchased from Sigma-Aldrich. N-tert-butylbenzylamine 
(99%) was purchased from Alfa Aesar. Paraformaldehyde (96%), 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl) (97%), and 1-ethyl-3-methylimidazolium 
bromide ([EMIM]Br) (97%) were purchased from Acros Organics. [EMIM]Cl and 
[EMIM]Br were purified by recrystallization before use following literature methods267 or 
modification thereof. [BMIM]Br was synthesized and purified following literature 
methods.267,268  
1H and 13C[1H] NMR spectra were recorded on a Varian VXR-400MHz spectrometer 
at room temperature. All chemical shifts are reported in units of δ (downfield from 
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tetramethylsilane) and were referenced to residual solvent peaks. X-ray diffraction data 
were collected at 90.0(2) K on a Bruker-Nonius X8 Proteum diffractometer with graded-
multilayer focusing optics. Elemental analysis for C, H, and N were performed by 
Robertson Microlit Laboratories, Ledgewood, NJ. 
 
 Synthesis of the proligands 
2.2.2.1. Synthesis of 2-[(N-benzyl-N-methyl)aminomethyl]-6-tert-butyl-4-methylphenol 
(1a)  
2-[(N-Benzyl-N-methyl)aminomethyl]-6-tert-butyl-4-methylphenol (1a) was prepared 
by literature methods269 or modification thereof. 2-Tert-Butyl-4-methylphenol (3.28 g, 
20.0 mmol), N-methylbenzylamine (2.98 g, 20.0 mmol) and paraformaldehyde (0.90 g, 
30.0 mmol) were charged into a heavy-walled reaction vessel, equipped with a magnetic 
stir bar. The vessel was capped tightly, then placed in an oil bath maintained at 105 °C and 
heated with stirring for 1 h. After cooling to room temperature, the light-yellow reaction 
mixture was dissolved in chloroform (50 mL). The solution was washed with distilled 
water (5 × 15 mL) and dried over anhydrous Na2SO4. After filtering off Na2SO4, the filtrate 
was evaporated under reduced pressure to give a pale-yellow oil, which was purified by 
silica gel column chromatography using a 50:1 petroleum ether:ethyl acetate as eluent. The 
solution was evaporated under reduced pressure to give 1c as colorless oil. Yield: 4.91 g 
(84.4 %). 1H NMR (CDCl3, 400 MHz): δ 11.09 (br. s, 1H, OH) 7.39 –7.21 (m, 5H, ArH), 
7.02 (d, 1H, 4J = 1.6 Hz, ArH), 6.71 (d, 1H, 4J = 1.6 Hz, ArH), 3.72 (s, 2H, ArCH2), 3.53 
(s, 2H, PhCH2), 2.26 (s, 3H, NCH3), 2.21 (s, 3H, ArCH3), 1.45 (s, 9H, C(CH3)3). 
13C NMR 
(CDCl3, 100 MHz): δ 154.6, 137.4, 136.6, 129.6, 128.7, 127.7, 127.5, 127.3, 126.9, 122.3 
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(all Ar–C), 61.9 (ArCH2), 61.0 (PhCH2), 41.2 (NCH3), 34.8 (C(CH3)3), 29.8 (C(CH3)3), 
21.0 (ArCH3).  
 
2.2.2.2. Synthesis of 2-[(N-benzyl-N-ethyl)aminomethyl]-6-tert-butyl-4-methylphenol (1b) 
2-[(N-Benzyl-N-ethyl)aminomethyl]-6-tert-butyl-4-methylphenol (1b) was prepared 
by literature methods270 of modification thereof. 2-tert-butyl-4-methylphenol (3.28 g, 20.0 
mmol) and N-ethylbenzylamine (2.70 g, 20.0 mmol) were dissolved in ethanol (20 mL) in 
a reaction vessel. Paraformaldehyde (0.90 g, 30.00 mmol) was added and the mixture 
refluxed overnight. After cooling the mixture to room temperature, all volatiles were 
removed under reduced pressure to obtain a colorless oil. A colorless oil was isolated by 
silica gel column chromatography using petroleum ether/ethyl acetate = 50:1 as eluent. 
Yield: 5.71 g (91.7%). 1H NMR (CDCl3, 400 MHz): δ 11.14 (br. s, 1H, OH), 7.38 –7.19 
(m, 5H, ArH), 6.98 (d, 1H, 2J = 2.0 Hz, ArH), 6.68 (d, 1H, 2J = 1.6 Hz, ArH), 3.73 (s, 2H, 
ArCH2), 3.54 (s, 2H, PhCH2), 2.51 (q, 2H, 
3J = 7.2 Hz, CH2CH3), 2.23 (s, 3H, ArCH3),1.42 
(s, 9H, C(CH3)3),1.09 (t, 3H, 
3J = 7.2 Hz, CH2CH3). 
13C NMR (CDCl3, 100 MHz): δ 154.6, 
137.6, 136.5, 129.71, 128.6, 127.6, 127.6, 127.2, 126.7, 122.4 (all Ar–C), 57.7 (ArCH2), 
57.4 (PhCH2), 46.4 (NCH2CH3), 34.8 (C(CH3)3), 29.8 (C(CH3)3), 21.0 (ArCH3), 11.0 
(NCH2CH3).  
 
2.2.2.3. Synthesis of 2-[(N-benzyl-N-isopropyl)aminomethyl]-6-tert-butyl-4-methylphenol 
(1c) 
2-tert-butyl-4-methylphenol (3.28 g, 20.0 mmol), N-isopropylbenzylamine (2.98 g, 
20.0 mmol) and paraformaldehyde (0.90 g, 30.0 mmol) were charged into a heavy-walled 
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reaction vessel, equipped with a magnetic stir bar. The vessel was capped tightly, then 
placed in an oil bath maintained at 105 °C and heated with stirring for 1 h. After cooling 
to room temperature, the light-yellow reaction mixture was dissolved in chloroform (50 
mL). The solution was washed with distilled water (5 × 15 mL) and dried over anhydrous 
Na2SO4 for 12 h. After filtering off Na2SO4, the filtrate was evaporated under reduced 
pressure to give a pale-yellow oil, which was purified by silica gel column chromatography 
using 20:1 petroleum ether:ethyl acetate as eluent. The solution was evaporated under 
reduced pressure to give 1c as a colorless oil. The material was collected and dried under 
reduced pressure. Yield: 5.40 g (82.9 %). 1H NMR (CDCl3, 400 MHz): δ 11.15 (br, 1H, 
OH), 7.28 –7.15 (m, 5H, ArH), 6.92 (d, 1H, 4J = 2.0 Hz, ArH), 6.64 (d, 1H, 4J = 1.2 Hz, 
ArH), 3.67 (s, 2H, ArCH2), 3.51 (s, 2H, PhCH2), 2.99 (sep, 1H, 
3J = 7.2 Hz, CH(CH3)2), 
2.18 (s, 3H, ArCH3), 1.37 (s, 9H, C(CH3)3), 1.06 (d, 6H, 
2J = 6.4 Hz, CH(CH3)2). 
13C NMR 
(CDCl3, 100 MHz): δ 154.7, 138.5, 136.4, 129.6, 128.7, 127.8, 127.5, 127.1, 126.6, 122.4 
(all Ar–C), 54.0 (ArCH2), 52.7 (PhCH2), 48.3 (CH(CH3)2), 34.8 (C(CH3)3), 29.7 (C(CH3)3), 
21.0 (ArCH3), 17.1 (CH(CH3)2). 
 
2.2.2.4. Synthesis of 2-[(N-benzyl-N-tert-butyl)aminomethyl]-6-tert-butyl-4-methylphenol 
(1d) 
This compound was prepared by a similar procedure to that described for 1c, from 2-
tert-butyl-4-methylphenol (3.28 g, 20.0 mmol), N-isopropylbenzylamine (3.27 g, 20.0 
mmol) and paraformaldehyde (0.60 g, 20.0 mmol). After purification of the reaction 
product, a light-yellow oil, by silica gel column chromatography (using a 20:1 petroleum 
ether:ethyl acetate as eluent) removal of the organic volatiles under reduced pressure 
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furnished a light-yellow oil that was recrystallized from hexane at -20 °C, giving 1d as 
white crystals. The material was collected and dried under reduced pressure. Yield: 4.46 g 
(65.7 %). 1H NMR (CDCl3, 400 MHz): δ 10.98 (br, 1H, OH), 7.23–7.06 (m, 5H, ArH), 
6.88 (d, 1H, 4J = 2.0 Hz, ArH), 6.61 (d, 1H, 4J = 1.6 Hz, ArH), 3.84 (s, 2H, ArCH2), 3.70 
(s, 2H, ArCH2), 2.19 (s, 3H, ArCH3), 1.37 (s, 9H, NC(CH3)3), 1.21 (s, 9H, ArC(CH3)3). 
13C NMR (CDCl3, 100 MHz): δ 154.5, 140.9, 136.4, 128.9, 128.3, 127.2, 127.1, 126.8, 
126.3, 124.0 (all Ar–C), 57.1 (NC(CH3)3), 54.6 (ArCH2), 54.4 (PhCH2) 34.7 (C(CH3)3), 
29.7 (NC(CH3)3), 27.2 (ArC(CH3)3), 21.0 (ArCH3). 
 
2.2.2.5. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-6-tert-butyl-4-methylphenol 
(1e)  
This compound was prepared following a similar procedure described for 1c, from 2-
tert-butyl-4-methylphenol (3.28 g, 20.0 mmol), paraformaldehyde (0.60 g, 20.0 mmol), 
and the N-phenylbenzylamine (3.67 g, 20.0 mmol). After purification of the reaction 
product, a light-yellow oil, by silica gel column chromatography (using 5:1 hexane:ethyl 
acetate as eluent), removal of the organic volatiles under reduced pressure gave 1e as white 
crystal. Yield: 4.53 g (63.1 %). 1H NMR (CDCl3, 400 MHz): δ 9.61 (s, 1H, OH), 7.28 –
7.16 (m, 5H, ArH), 7.10–6.96 (m, 6H, ArH), 6.71 (d, 1H, 4J = 1.6 Hz, ArH), 4.26 (s, 2H, 
ArCH2), 4.22 (s, 2H, ArCH2), 2.24 (s, 3H, ArCH3), 1.41 (s, 9H, C(CH3)3). 
13C NMR 
(CDCl3, 100 MHz): δ 154.2, 149.4, 136.8, 136.3, 129.4, 129.3, 128.4, 128.0, 127.9, 127.6, 
127.2, 123.7, 122.1, 122.0 (all Ar–C), 57.6 (ArCH2), 57.0 (PhCH2), 34.8 (C(CH3)3), 29.8 
(C(CH3)3), 21.0 (ArCH3).   
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2.2.2.6. Synthesis of 2-[(N-benzyl-N-p-toluidine)aminomethyl]-6-tert-butyl-4-
methylphenol (1f) 
The synthesis of this ligand included two steps. 
Step 1 – Synthesis of N-benzyl-p-toluidine: This step involved the reductive amination of 
p-toluidine with benzaldehyde to generate a N-benzyl-p-toluidine, which was prepared by 
literature methods or modification thereof.271 A reaction tube was charged with zinc (II) 
triflate (0.36 g, 1.0 mmol, 5.0 mol % relative to amine). The zinc catalyst was dissolved in 
freshly distilled tetrahydrofuran (THF) (16.7 mL) at 60 °C. To this solution benzaldehyde 
(2.03 mL, 20.0 mmol), 4-methylaniline (2.14 g, 20.0 mmol) and 
poly(methylhydrosiloxane) (2.0 mL) were added. The reaction mixture was stirred in a 
preheated oil bath (60 °C) for 24 h. The mixture was removed and placed in an ice bath 
and aqueous sodium hydroxide (8.0 mL) was added with vigorous stirring (Note: The 
mixture bubbled vigorously upon addition of the base). The reaction was stirred for 1 h at 
0 °C and the organic layer extracted with diethyl ether (3 × 15 mL). The combined organic 
layers were washed with brine, dried over anhydrous Na2SO4, filtered and concentrated 
under reduced pressure to form a brown liquid. The crude product was purified by silica 
gel column chromatography using 20:1 hexane:ethyl acetate as eluent. After removal of 
the organic volatiles under reduced pressure a white powder was obtained. Yield: 2.76 g 
(69.8 %). 1H NMR (CDCl3, 400 MHz): δ 7.37–7.21 (m, 5H, ArH), 6.96 (d, 2H, 
3J = 8.4 
Hz, ArH), 6.54 (d, 2H, 3J = 8.4 Hz, ArH), 4.27 (s, 2H, PhCH2), 3.62 (bs, 1H, NH), 2.22 (s, 
3H, ArCH3). 
13C NMR (CDCl3, 100 MHz): δ 146.0, 139.8, 129.9, 128.6, 127.7, 127.3, 
126.9, 113.2 (all Ar–C), 48.8 (PhCH2), 20.6 (ArCH3). 
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Step 2 – Synthesis of 2-[(N-benzyl-N-p-toluidine)aminomethyl]-6-tert-butyl-4-
methylphenol (1f): This ligand was prepared following a similar procedure to that described 
for 1c, from 2-tert-butyl-4-methylphenol (1.42 g, 8.65 mmol), paraformaldehyde (0.26 g, 
8.65 mmol), and N-benzyl-4-methylaniline (1.71 g, 8.65 mmol), except the reaction 
mixture was heated for 6 h. After purification by silica gel column chromatography using 
5:1 hexane:ethyl acetate as eluent, 1f was obtained as a white powder. Yield: 1.63 g (50.4 
%). 1H NMR (CDCl3, 400 MHz): δ 9.99 (s, 1H, OH), 7.22–7.18 (m, 3H, ArH), 7.06–6.95 
(m, 7H, ArH), 6.72 (d, 1H, 4J = 1.6Hz, ArH), 4.23 (s, 2H, ArCH2), 4.17 (s, 2H, ArCH2), 
2.27 (s, 3H, NArCH3), 2.25 (s, 3H, ArCH3), 1.42 (s, 9H, C(CH3)3). 
13C NMR (CDCl3, 100 
MHz): δ 154.4, 146.8, 136.7, 136.5, 133.6, 129.9, 129.6, 128.4, 127.9, 127.7, 127.5, 127.1, 
122.5, 122.2 (all Ar–C), 58.1 (ArCH2), 57.7 (PhCH2), 34.8 (C(CH3)3), 29.8 (C(CH3)3), 21.1 
(NArCH3), 21.0 (ArCH3).   
 
2.2.2.7. Synthesis of 2-[(N-benzyl-N-(p-chlorophenyl))aminomethyl]-6-tert-butyl-4-
methylphenol (1g) 
The synthesis of this ligand included two steps. 
Step 1 – Synthesis of N-benzyl-4-chloroaniline: This compound was prepared following a 
similar procedure to that described for N-benzyl-p-toluidine271. A reaction tube was 
charged with zinc (II) triflate (0.18 g, 0.50 mmol, 5.0 mol % relative to amine). The zinc 
catalyst was dissolved in freshly distilled tetrahydrofuran (THF) (10 mL) at 60 °C. To this 
solution benzaldehyde (1.06 g, 10.0 mmol), 4-chloroaniline (1.28 g, 10.0 mmol) and 
poly(methylhydrosiloxane) (2.0 mL) were added. The reaction mixture was stirred in a 
preheated oil bath (60 °C) for 24 h. The reaction mixture was removed and placed in an ice 
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bath and aqueous sodium hydroxide, 5 wt% (4.0 mL) was added with vigorous stirring 
(Note: The mixture bubbled vigorously upon addition of the base). The reaction was stirred 
for 1 h at 0 °C and the organic layer extracted with diethyl ether (3 × 15 mL). The combined 
organic layers were washed with brine, dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure to form a brown liquid. The crude product was 
purified by silica gel column chromatography using 20:1 hexane:ethyl acetate as eluent. 
After removal of the organic volatiles a white powder was obtained. Yield: 1.33 g (61.0 
%). 1H NMR (CDCl3, 400 MHz): δ 7.39–7.24 (m, 5H, ArH), 7.13–7.04 (m, 2H, ArH), 
6.58–6.50 (m, 2H, ArH), 4.29 (s, 2H, ArCH2), 4.04 (bs, 1H, ArNH). 
13C NMR (CDCl3, 
100 MHz): δ 146.9, 139.1, 129.3, 128.9, 127.6, 127.6, 122.3, 114.1 (all Ar–C), 48.6 
(NHCH2).  
 
Step 2 – Ligand synthesis (1g): This compound was prepared following a similar procedure 
to that described for 1c, from 2-tert-butyl-4-methylphenol (0.37 g, 2.25 mmol), N-benzyl-
4-chloroaniline (0.49 g, 2.25 mmol) and paraformaldehyde (0.10 g, 3.38 mmol), except the 
reaction mixture was heated for 50 h. After purification by silica gel column 
chromatography using 20:1 petroleum ether:ethyl acetate as the eluent 1g was obtained as 
a white powder. Yield: 0.66 g (73.9 %). 1H NMR (CDCl3, 400 MHz): δ 9.26 (s, 1H, OH), 
7.23–7.17 (m, 5H, ArH), 7.03–6.96 (m, 5H, ArH), 6.70 (d, 1H, 4J = 1.6 Hz, ArH), 4.23 (s, 
2H, ArCH2), 4.22 (s, 2H, ArCH2), 2.24 (s, 3H, ArCH3), 1.40 (s, 9H, C(CH3)3). 
13C NMR 
(CDCl3, 100 MHz): δ 154.0, 147.9, 136.9, 136.0, 129.4, 129.3, 128.6, 128.1, 127.9, 127.8, 
127.4, 123.2, 121.8 (all Ar–C), 57.8 (ArCH2), 56.8 (ArCH2), 34.8 (C(CH3)3), 29.8 
(C(CH3)3), 21.1 (ArCH3).  
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 Synthesis of Aluminum Complexes 
2.2.3.1. Synthesis of LMeAlMe2 complex - 2-[(N-benzyl-N-methyl)aminomethyl]-6-tert-
butyl-4-methylphenolate aluminum dimethyl (2a) 
AlMe3 (4.5 mL, 8.97 mmol, 2.0 M in hexanes) was added drop wise to a toluene (20 
mL) solution of 2-[(N-benzyl-N-methyl)aminomethyl]-6-tert-butyl-4-methylphenol (1a, 
2.67 g, 8.97 mmol) at room temperature. Evolution of methane gas was immediately 
observed. The reaction mixture was stirred for 24 h at room temperature. All of the volatiles 
were removed under reduced pressure to give a foam-like white solid, which was dissolved 
in n-hexane and filtered to remove any impurities. The filtrate was concentrated and kept -
20 °C overnight. Subsequently, 2a was collected as a white precipitate and dried under 
reduced pressure. Melting point: 128.3–130.6 °C. Yield: 2.32 g (73.3 %). 1H NMR (CDCl3, 
400 MHz): δ 7.44–7.37 (m, 3H, ArH), 7.33–7.26 (m, 2H, ArH), 7.04 (d, 1H, 4J = 2.4 Hz, 
ArH), 6.56 (d, 4J = 2.4 Hz, 1H, ArH), 3.97 (d, 2J = 13.6 Hz, 1H, ArCH2), 3.92 (d, 
2J = 14.0 
Hz, 1H, ArCH2), 3.89 (d, 
2J = 13.6 Hz, 1H, ArCH2), 3.55 (d, 
2J = 13.2 Hz, 1H, ArCH2), 
2.23 (s, 3H, NCH3), 2.22 (s, 3H, ArCH3), 1.39 (s, 9H, C(CH3)3), –0.62 (s, 3H, AlCH3), –
0.87 (s, 3H, AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.7, 138.9, 132.4, 129.8, 129.4, 
128.8, 128.5, 128.2, 125.1, 120.4 (all Ar–C), 59.4 (ArCH2), 59.0 (PhCH2), 40.2 (NCH3), 
35.0 (C(CH3)3), 29.7 (C(CH3)3), 20.9 (ArCH3), –10.3 (AlCH3), –10.9 (AlCH3). Anal. 
Calcd. for C22H32AlNO (%): C, 74.75; H, 9.12; N, 3.96. Found: C, 74.80; H, 9.54; N, 4.00. 
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2.2.3.2. Synthesis of LEtAlMe2 complex -  2-[(N-benzyl-N-ethyl)aminomethyl]-6-tert-butyl-
4-methylphenolate aluminum dimethyl (2b) 
Compound 2b was prepared following a method reported by Wang and Ma270 for the 
same compound. By using AlMe3 (1.0 mL, 2.0 mmol, 2.0 M in hexanes and 2-[(N-benzyl-
N-ethyl)aminomethyl]-6-tert-butyl-4-methylphenol (1b, 0.62 g, 2.0 mmol) a white powder 
was obtained. Melting point: 120.2–122.9 °C. Yield: 0.59 g (80.5 %). 1H NMR (CDCl3, 
400 MHz): δ 7.39–7.31 (m, 3H, ArH), 7.29–7.22 (m, 2H, ArH), 7.04 (d, 4J = 2.0 Hz, 1H, 
ArH), 6.60 (d, 4J = 1.6 Hz, 1H, ArH), 4.04 (d, 2J = 14.0 Hz, 1H, ArCH2), 3.85 (d, 
2J = 13.6 
Hz, 1H, ArCH2), 3.78 (d, 
2J = 14.0 Hz, 1H, ArCH2), 3.53 (d, 
2J = 14.0 Hz, 1H, ArCH2), 
2.75 (dq, 2J = 13.6 Hz, 3J = 7.2 Hz, 1H, NCH2CH3), 2.61 (dq, 
2J = 13.6 Hz, 3J = 6.8 Hz, 
1H, NCH2CH3), 2.25 (s, 3H, ArCH3), 1.38 (s, 9H, C(CH3)3), 1.35 (t, 3H, 
3J = 7.2 Hz, 
CH2CH3), –0.63 (s, 3H, AlCH3), –0.87 (s, 3H, AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 
157.1, 138.8, 132.1, 130.4, 129.2, 128.78, 128.7, 128.1, 124.9, 119.8 (all Ar–C), 58.1 
(ArCH2), 51.9 (PhCH2), 46.1 (NCH2CH3), 35.0 (C(CH3)3), 29.6 (C(CH3)3), 21.0 (ArCH3), 
9.8 (NCH2CH3), –9.1 (AlCH3), –10.4 (AlCH3). Anal. Calcd. for C23H37lNO (%): C, 75.17; 
H, 9.33; N, 3.81. Found: C, 75.05; H, 9.72; N, 3.74. 
 
2.2.3.3. Synthesis of Li-PrAlMe2 complex - 2-[(N-benzyl-N-isopropyl)aminomethyl]-6-tert-
butyl-4-methylphenolate aluminum dimethyl (2c) 
Complex 2c was prepared, from 1c and obtained as a white powder, following a similar 
procedure to that described for 2a.  By using AlMe3 (1.4 mL, 2.87 mmol, 2.0 M in hexane) 
and proligand 1c (0.94 g, 2.87 mmol) in toluene (30 mL) a white powder was obtained 
after extended drying. Melting point: 87.3–90.1 °C. Yield: 0.92 g (83.9 %). 1H NMR 
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(CDCl3, 400 MHz): δ 7.36–7.22 (m, 5H, ArH), 7.03 (d, 1H, 
4J = 2.0 Hz, ArH), 6.68 (d, 1H, 
4J = 2.0 Hz, ArH), 4.23 (d, 1H, 2J = 14.0 Hz, ArCH2), 4.16 (d, 1H, 
2J = 14.8 Hz,  ArCH2), 
3.95 (d, 1H, 2J = 14.0 Hz, ArCH2), 3.59 (d, 1H, 
2J = 14.0 Hz, ArCH2), 3.17 (sep, 1H, 
3J = 
6.8 Hz, CH(CH3)2), 2.27 (s, 3H, ArCH3), 1.38 (s, 9H, C(CH3)3), 1.36 (d, 3H, 
3J = 7.2 Hz, 
CH(CH3)2), 1.25 (d, 3H, 
3J = 6.8 Hz, CH(CH3)2), –0.64 (s, 3H, AlCH3), –0.68 (s, 3H, 
AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.6, 139.0, 132.2, 132.0, 129.0, 128.7, 128.6, 
128.1, 125.3, 120.8 (all Ar–C), 55.4 (ArCH2), 53.8 (ArCH2), 52.2 (CH(CH3)2), 35.0 
(C(CH3)3), 29.7 (C(CH3)3), 21.1 (ArCH3), 19.4 (CH(CH3)2), 19.1 (CH(CH3)2), –7.1 
(AlCH3), –8.0 (AlCH3). Anal. Calcd. for C24H36AlNO (%): C, 75.55; H, 9.51; N, 3.67. 
Found: C, 74.50; H, 9.48; N, 3.64. 
 
2.2.3.4. Synthesis of Lt-BuAlMe2 complex - 2-[(N-benzyl-N-tert-butyl)aminomethyl]-6-tert-
butyl-4-methylphenolate aluminum dimethyl (2d) 
Complex 2d was prepared, from 1d and obtained as a white powder, following a similar 
procedure to that described for 2a. By using AlMe3 (1.0 mL, 2.0 mmol, 2.0 M in hexane) 
and 1d (0.79 g, 2.0 mmol) a light-yellow powder was obtained after drying under reduced 
pressure at 40 °C for 48 hours. Melting point: 98.9–101.1 °C. Yield: 0.64 g (80.5 %). 1H 
NMR (CDCl3, 400 MHz): δ 7.37–7.31 (m, 2H, ArH), 7.30–7.25 (m, 3H, ArH), 7.00 (d, 
1H, 4J = 2.0 Hz, ArH), 6.72 (d, 1H, 4J = 2.0 Hz, ArH), 4.47 (d, 1H, 2J = 14.8, ArCH2), 4.36 
(d, 1H, 2J = 15.2 Hz, ArCH2), 4.26 (d, 1H, 
2J = 15.2 Hz, ArCH2), 4.11 (d, 1H, 
2J = 14.8 
Hz, ArCH2), 2.26 (s, 3H, ArCH3), 1.37 (s, 9H, NC(CH3)3), 1.26 (s, 9H, ArC(CH3)3), –0.56 
(AlCH3), –0.63 (AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.3, 139.4, 135.1, 131.8, 128.8, 
128.5, 128.1, 127.6, 125.4, 121.2 (all Ar–C), 62.4 (NC(CH3)3), 52.6 (ArCH2), 52.3 
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(PhCH2) 35.0 (C(CH3)3), 29.6 (NC(CH3)3), 28.2 (ArC(CH3)3), 21.1 (ArCH3), –4.7 
(AlCH3), –7.3 (AlCH3). Anal. Calcd. for C25H38AlNO (%): C, 75.91; H, 9.68; N, 3.54. 
Found: C, 75.31; H, 9.97; N, 3.51. 
 
2.2.3.5. Synthesis of LPhAlMe2 complex - 2-[(N-benzyl-N-phenyl)aminomethyl]-6-tert-
butyl-4-methylphenolate aluminum dimethyl (2e) 
Compound 2e was prepared, from 1e following a similar procedure to that described 
for 2a. By using AlMe3 (1.74 mL, 3.48 mmol, 2.0 M in hexane) and proligand 1e (1.25 g, 
3.48 mmol) a white powder was obtained after recrystallization from a mixture of n-hexane 
and toluene. Melting point: 154.4–156.9 °C. Yield: 1.16 g (79.9 %). 1H NMR (CDCl3, 400 
MHz): δ 7.48–7.36 (m, 4H, ArH), 7.35–7.29 (m, 1H, ArH), 7.25–7.19 (m, 1H, ArH), 7.13–
7.04 (m, 3H, ArH), 6.59–6.52 (m, 3H, ArH), 4.57 (d, 1H, 2J = 14.0 Hz, ArCH2), 4.43 (d, 
1H, 2J = 12.8 Hz, ArCH2), 4.20 (d, 1H, 
2J = 14.0 Hz, ArCH2), 3.81 (d, 1H, 
2J = 12.8 Hz, 
ArCH2), 2.28 (s, 3H, ArCH3), 1.44 (s, 9H, C(CH3)3), –0.43 (AlCH3), –1.27 (AlCH3). 
13C 
NMR (CDCl3, 100 MHz): δ 157.0, 145.8, 138.9, 131.5, 130.8, 129.9, 129.8, 128.0, 128.5, 
128.0, 127.0, 125.1, 122.4, 119.5 (all Ar–C), 58.5 (ArCH2), 53.3 (PhCH2), 35.0 (C(CH3)3), 
29.7 (C(CH3)3), 21.0 (ArCH3), –9.5 (AlCH3), –10.4 (AlCH3). Anal. Calcd. for C27H37lNO 
(%): C, 78.04; H, 8.25; N, 3.37. Found: C, 78.50; H, 8.71; N, 3.38.  
 
2.2.3.6. Synthesis of Lp-TolAlMe2 complex - 2-[(N-benzyl-N-tolyl)aminomethyl]-6-tert-
butyl-4-methylphenolate aluminum dimethyl (2f) 
Compound 2f was prepared from 1f following a similar procedure to that described for 
2a. By using AlMe3 (0.34 mL, 0.67 mmol, 2.0 M in hexanes) and proligand 1f (0.24 g, 
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0.67 mmol) a white powder was obtained. Melting point: 159.2–161.7 °C. Yield: 0.21 g 
(73.0 %). 1H NMR (CDCl3, 400 MHz): δ 7.30–7.18 (m, 5H, ArH), 7.12–7.04 (m, 3H, ArH), 
6.58–6.52 (m, 3H, ArH), 4.52 (d, 1H, 2J = 14.4 Hz, ArCH2), 4.39 (d, 1H, 
2J = 13.2 Hz, 
ArCH2), 4.16 (d, 1H, 
2J = 14.4 Hz, ArCH2), 3.76 (d, 1H, 
2J = 13.2 Hz, ArCH2), 2.38 (s, 
3H, NArCH3), 2.27 (s, 3H, ArCH3) 1.43 (s, 9H, C(CH3)3), –0.46 (AlCH3), –1.26 (AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 157.0, 143.1, 138.8, 136.7, 131.6, 130.8, 130.4, 129.9, 
128.9, 128.4, 127.9, 125.0, 122.2, 119.5, (all Ar–C), 58.4 (ArCH2), 53.2 (PhCH2), 35.0 
(C(CH3)3), 29.7 (C(CH3)3), 21.1 (NArCH3), 21.0 (ArCH3), –9.5 (AlCH3), –10.3 (AlCH3). 
Anal. Calcd. for C28H36AlNO (%): C, 78.29; H, 8.45; N, 3.26. Found: C, 77.82; H, 8.94; 
N, 3.17. 
 
2.2.3.7. Synthesis of L4-ClArAlMe2 complex - 2-[(N-benzyl-N-(p-
chlorophenyl))aminomethyl]-6-tert-butyl-4-methylphenolate aluminum dimethyl (2g)  
Complex 2g was prepared from 1g following a similar procedure to that described for 
2a. By using AlMe3 (0.82 mL, 1.63 mmol, 2.0 M in hexane) and proligand 1g (0.65 g, 163 
mmol) a white powder was obtained. Melting point: 152.8–154.2 °C. Yield: 0.63 g (86.2 
%). 1H NMR (CDCl3, 400 MHz): δ 7.46–7.38 (m, 2H, ArH), 7.36–7.29 (m, 2H, ArH), 
7.27–7.18 (m, 3H, ArH), 7.16–7.07 (m, 3H, ArH), 6.61–6.53 (m, 3H, ArH), 4.50 (d, 1H, 
2J = 14.4 Hz, ArCH2), 4.39 (d, 1H, 
2J = 12.8 Hz, ArCH2), 4.20 (d, 1H, 
2J = 14.4 Hz, ArCH2), 
3.78 (d, 1H, 2J = 12.8 Hz, ArCH2), 2.28 (s, 3H, ArCH3), 1.43 (s, 9H, C(CH3)3), –0.44 
(AlCH3), –1.23 (AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.9, 144.5, 139.1, 132.8, 131.5, 
130.5, 129.9, 129.8, 129.2, 128.7, 128.2, 125.3, 123.9, 119.2 (all Ar–C), 58.6 (ArCH2), 
53.7 (ArCH2), 35.0 (C(CH3)3), 29.8 (C(CH3)3), 21.0 (ArCH3), –9.5 (AlCH3), –10.1 
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(AlCH3). Anal. Calcd. for C27H36lClNO (%): C, 72.07; H, 7.39; N, 3.11. Found: C, 71.51; 
H, 7.25; N, 3.08. 
 
 X-Ray Crystallographic Studies 
Single crystals of LRAlMe2 complexes 2a–2c, (R = Me, Et, Pr
i), 2e (R = Ph), and 2f (R 
= p-tolyl), suitable for X-ray crystallographic analysis were obtained by slow 
recrystallization from a 1:1 n-hexane:toluene solution of the complex in the glovebox at 
room temperature. Colorless single crystals of each complex were placed in dry and 
degassed Paratone oil on a glass plate and used for X-ray diffraction analysis. 
Crystallographic data for the complexes are collected in Table 2.1. Further details of the 
crystallographic data are given in the Appendix. 
 
 General procedure for catalytic dehydration of glucose 
All the reactions were performed in a 5 mL reaction vial sealed with a solid cap with a 
PTFE-faced silicone septum. In a typical dehydration experiment, [EMIM]Cl (500 mg, 3.4 
mmol), D-(+)-glucose (50 mg, 0.28 mmol), and a specified amount of aluminum 
precatalyst were charged into the reaction vial along with a magnetic stir bar under nitrogen 
atmosphere. The mixture was placed in a preheated oil bath at the desired temperature and 
let stir for a specified period of time. The reaction mixture was quenched by immediately 
placing the vial in an ice bath. The mixture was diluted with 3 mL of deionized water, let 
stir for 5 minutes and centrifuged for 1 hour. Subsequently, the supernatant was collected 
(via decantation to exclude insoluble solids) and analyzed by high pressure liquid 
chromatography (HPLC).   
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 Product analysis 
Quantitative analysis of the products was performed by HPLC using a Thermo 
Scientific Dionex Ultimate 3000 HPLC system equipped with a Dionex quaternary pump, 
a Shodex RI-101 refractive index detector, and a Biorad Aminex HPX-87H column (300 
×7.8 mm). 5.0 mM H2SO4 was used as the mobile phase at a flow rate of 0.6 mL/min and 
the column temperature was maintained at 50 °C. The injection volume was 20 µL. All the 
concentrations of glucose, fructose, and HMF in the aqueous phase were determined by 
comparison to standard calibration curves. Glucose conversion and products selectivity and 
yield are defined as follows: 
 
 
 
 
 
 
2.3. Results and Discussion 
 Synthesis and characterization of proligands and complexes  
The new (aminomethyl)phenol derivatives 1c-g (Scheme 2.1) were synthesized in good 
yield by the modification of the method reported by Kim and Ishida272, via neat reaction of 
2-tert-butyl-4-methylphenol with paraformaldehyde and appropriate amine at 105 °C. In 
addition, compounds 1a269 and 1b273 were prepared by literature methods.  
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Scheme 2.1. Synthesis of (aminomethyl)phenolate proligands 1a–1g. 
 
For proligands 1f and 1g, the corresponding secondary amine was first synthesized via 
reductive amination of primary amines as reported in literature271, 274 (Scheme 2.2), 
followed by synthesis of the new proligands as shown in Scheme 2.1. 
 
 
Scheme 2.2. Synthesis of secondary amines by reductive amination. 
 
LRAlMe2 complexes 2a–2g (Scheme 2.3) were prepared in good yield via modification 
of the method reported by Wang and Ma273 for preparation of  LEtAlMe2 (2b), by treatment 
of proligands 1a–1g (Scheme 2.1) with one equivalent of AlMe3 in toluene at room 
temperature for 24 h. The reaction proceeded cleanly with evolution of methane to produce 
2a–2g, which were isolated as moisture-sensitive light yellow or white powders. The 
compounds are readily soluble in nonpolar and polar aprotic hydrocarbon solvents, such as 
chloroform, methylene chloride, diethyl ether, and THF, as well as aromatic hydrocarbon 
solvents such as benzene and toluene. However, the compounds are only moderately 
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soluble in aliphatic hydrocarbon solvents such as hexane, and thus could be recrystallized 
from hexane at low temperatures. 
 
 
 
Scheme 2.3. Synthesis of LRAlMe2 complexes 2a–2g. 
 
 
The formulation and molecular structure of LRAlMe2 complexes 2a–2g were 
established by microanalysis and solution NMR data. Their 1H NMR spectra did not show 
the downfield resonance characteristic of phenolic OH groups of the respective proligands, 
supporting coordination of phenolate oxygen with aluminum. Consistent with bidentate 
coordination of the (aminomethyl)phenolate ligand, with tight binding of the amino 
nitrogen to aluminum resulting in hindered rotation of N-benzyl group on the NMR 
timescale at room temperature, the 1H NMR spectra of LRAlMe2 complexes 2a-g contained 
four doublet resonances in the 4.57-3.55 ppm range for the four benzylic protons. Similarly, 
two chemically inequivalent methyl resonances were observed for the N-isopropyl group 
of 2c, consistent with coordination of amino nitrogen to aluminum and hindered rotation 
about the N–CH(CH3)2 bond. In contrast, the 
1H NMR spectrum for the proligand 1c 
contained a single resonance for chemically equivalent methyl groups of the N-isopropyl 
unit. Furthermore, consistent with the C1 symmetry expected for tetrahedral L
RAlMe2 
complexes 2a-g, two different Al–CH3 resonances were observed in their 
1H NMR spectra 
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in the upfield region of -0.56 to -0.86 ppm for complexes 2a-2d (with N-alkyl substituent), 
and -0.43 to -1.26 ppm for 2e-g (with N-aryl substituent). 13C NMR spectra of the 
complexes are also consistent with their C1 symmetry; together with two Al-CH3 and 
benzylic carbon resonances, 2a–2d each displayed ten aromatic carbon resonances while 
2e–2g each displayed fourteen aromatic carbon resonances. 
X-ray diffraction on single-crystals of 2a-2c, 2e, and 2f confirmed the structure 
assigned by spectroscopy. The structures of the complexes are depicted in Figures 2.1 and 
2.2, and crystallographic data and selected metrical parameters for the complexes are 
collected in Tables 2.1, 2.2, and 2.3. The compounds adopt a distorted tetrahedral structure 
with the (aminomethyl)phenolate ligand coordinated to the aluminum center in bidentate 
fashion, via phenolate oxygen and amino nitrogen atoms. The aluminum center is also 
coordinated by two carbon atoms from two methyl groups. The distortion from the 
idealized tetrahedral geometry arises from the acute bite angle of the chelating 
(aminomethyl)phenolate ligand [N(1)-Al(1)-O(1) bond angles range from ca. 95 to 97°], 
which is compensated for by an opening of the C-Al-C, C-Al-O, and C-Al-N bond angles 
(Table 2.2). All of the Al-O, Al-N and Al-C bond distances are within the range and for 
related complexes.275 However, 2a and 2b (with NMe(CH2Ph) or NEt(CH2Ph) moiety, 
respectively) possessed shorter Al–N bond distances (<2.03 Å) than were observed (>2.05 
Å, Table 2) for 2c (with N(Pri)(CH2Ph) moiety), 2e (with NPh(CH2Ph) moiety) or 2f (with 
N(p-MeC6H4)(CH2Ph) moiety). Presumably, this is because electron-releasing methyl and 
ethyl substituents increase electron donation by amino nitrogen atom to aluminum, relative 
to the bulkier isopropyl substituent or less electron donating aryl substituents. The 
molecular structures (Figures 1 and 2) confirmed that in 2e and 2f the two Al–CH3 groups 
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reside in a more dissimilar chemical environment than in 2a-c, consistent with 1H NMR 
data (vide supra). In 2e and 2f, one Al–Me group lies in close proximity to the N-aryl ring; 
for 2e, the torsion angle between Al-Me and N-phenyl ring (C27-Al(1)-N1-C20) is 27.52° 
and the C20–C27 distance is 3.297Å. 
 
 
 
9
9
 
Table 2.1. Crystallographic Data for LRAlMe2 complexes 2a, 2b, 2c, 2d, and 2e.  
complex 2a 2b 2c 2e 2f 
formula C22H32AlNO C23H37AlNO C24H36AlNO C27H37AlNO C28H36AlNO 
formula wt. 353.46 367.49 381.52 415.53 429.56 
T (K) 90.0(2) 90.0(2) 90.0(2) 90.0(2) 90.0(2) 
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 
space group P21/n P21/n P21/n P21/c P21/c 
a (Å) 9.6557(2) 11.1393(4) 11.5303(4) 12.0981(2) 9.2418(3) 
b (Å) 12.6012(2) 9.6143(3) 18.1337(7) 17.9578(4) 21.7215(6) 
c (Å) 17.5369(3) 20.1941(8) 12.0678(5) 12.0051(2) 12.4113(3) 
α  90 90 90 90 90 
β  99.0269(8) 91.854(3) 117.291(2) 116.0401(12) 98.493(1) 
γ  90 90 90 90 90 
V (Å3) 2107.35(7) 2161.59(13) 2242.36(15) 2343.41(8) 2464.19(12) 
Z  4 4 4 4 4 
Dcalcd(Mg/m
3) 1.114 1.129 1.130 1.178 1.158 
Final R indices [I > 
2σ(I)] R1, wR2 
0.0445, 
0.1128 
0.0548, 
0.1458 
0.0336, 
0.0857 
0.0430, 
0.1053 
0.0344, 
0.0911 
Final R indices (all 
data) R1, wR2 
0.055, 
0.1251 
0.0700, 
0.1552 
0.0365, 
0.0883 
0.0654, 
0.1162 
0.0350, 
0.0916 
CCDC no. 1489633 1489630 1812487 1489632 1489631 
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Figure 2.1. Ellipsoid plots of (a) 2a, (b) 2b and (c) 2c. Thermal ellipsoids are drawn at 50% probability level. Hydrogens are 
omitted for clarity. 
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Figure 2.2. Ellipsoid plots of 2e, (left) and 2f (right). Thermal ellipsoids are drawn at 50% probability level. Hydrogens are omitted 
for clarity.  
 
 
 
 
 
 
 
 
 
 
  
1
0
3
 
Table 2.2. Selected bond lengths (Å) and bond angles (°) for complexes 2a, 2b, and 2c. 
2a 2b 2c 
Al(1)-O(1)                    1.7559(10) 
Al(1)-C(22)                  1.9470(16) 
Al(1)-C(21)                  1.9542(16) 
Al(1)-N(1)                    2.0284(12) 
O(1)-Al(1)-C(22)            111.53(7) 
O(1)-Al(1)-C(21)            111.66(6) 
C(22)-Al(1)-C(21)          117.33(8) 
O(1)-Al(1)-N(1)                96.53(5) 
C(22)-Al(1)-N(1)           108.36(6) 
C(21)-Al(1)-N(1)           109.35(6) 
C(20)-N(1)-Al(1)           109.58(8) 
Al(1)-O(1)                    1.7474(16) 
Al(1)-C(22)                  1.965(3) 
Al(1)-C(23)                  1.966(3) 
Al(1)-N(1)                    2.027(2) 
O(1)-Al(1)-C(22)            109.99(10) 
O(1)-Al(1)-C(23)            110.45(10) 
C(22)-Al(1)-C(23)          119.21(12) 
O(1)-Al(1)-N(1)               97.17(8) 
C(22)-Al(1)-N(1)           110.44(10) 
C(23)-Al(1)-N(1)           107.31(10) 
C(20)-N(1)-Al(1)           109.88(15) 
Al(1)-O(1)                    1.7589(8) 
Al(1)-C(23)                  1.9619(11) 
Al(1)-C(24)                  1.9647(11) 
Al(1)-N(1)                    2.0727(9) 
O(1)-Al(1)-C(23)            110.95(4) 
O(1)-Al(1)-C(24)            108.86(4) 
C(23)-Al(1)-C(24)           113.74(5) 
O(1)-Al(1)-N(1)                97.36(3) 
C(23)-Al(1)-N(1)            109.30(4) 
C(24)-Al(1)-N(1)            115.45(4) 
C(20)-N(1)-Al(1)            111.59(7) 
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Table 2.3. Selected bond lengths (Å) and bond angles (°) for complexes 2e and 2f. 
2e 2f 
Al(1)-O(1)                    1.7571(11) 
Al(1)-C(27)                  1.9560(16) 
Al(1)-C(26)                  1.9589(16) 
Al(1)-N(1)                    2.0802(13) 
O(1)-Al(1)-C(27)            111.47(6) 
O(1)-Al(1)-C(26)            110.67(6) 
C(27)-Al(1)-C(26)          116.50(7) 
O(1)-Al(1)-N(1)                97.09(5) 
C(27)-Al(1)-N(1)            110.12(6) 
C(26)-Al(1)-N(1)            109.26(6) 
C(20)-N(1)-Al(1)            106.78(8) 
Al(1)-O(1)                     1.7616(9) 
Al(1)-C(28)                   1.9570(14) 
Al(1)-C(27)                   1.9638(13) 
Al(1)-N(1)                     2.0532(10) 
O(1)-Al(1)-C(28)             110.42(5) 
O(1)-Al(1)-C(27)             113.27(5) 
C(28)-Al(1)-C(27)           118.92(6) 
O(1)-Al(1)-N(1)                 94.95(4) 
C(28)-Al(1)-N(1)             110.52(5) 
C(27)-Al(1)-N(1)             105.97(5) 
C(20)-N(1)-Al(1)             109.24(7) 
 
 Glucose Dehydration Studies 
2.3.2.1. Effect of glucose loading 
Figure 2.3 shows the effect of the weight percent (wt %) of glucose in 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl) on the conversion and the product distribution of 
glucose dehydration at 120 °C for 2 h using 5 mol % (relative to moles of glucose) of 
LPhAlMe2 (2e) as catalyst. The glucose conversion ranged from 73 to 80% for glucose 
concentrations in [EMIM]Cl ranging between 9.1 to 28.6 wt %. However, the highest HMF 
selectivity and yield (58% and 42%, respectively) were both obtained when 9.1 wt% 
glucose was employed. It is known that Lewis acid-catalyzed glucose dehydration 
generally proceeds via glucose isomerization to fructose, followed by fructose dehydration 
to HMF (Scheme 2.5).260 Predictably, all of the product mixtures also contained a small 
amount of fructose (2-3%) except for when 9.1 wt% glucose in [EMIM]Cl was employed, 
whereupon fructose was present only in trace amount. 
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No other soluble products were detected by HPLC analysis in the supernatants obtained 
after aqueous extraction of any of the dark brown reaction mixtures; these results and all 
other results reported herein were reproduced at least 3 times. Since glucose concentrations 
≥9.1 wt% resulted in comparable conversions while both the HMF selectivity and HMF 
yield decreased when >9.1 wt% glucose in [EMIM]Cl was employed, all other experiments 
reported herein were conducted using 9.1 wt% sugar in ionic liquid solvent, unless 
otherwise indicated. 
 
Figure 2.3. The effect of glucose weight percent in [EMIM]Cl on the products distribution. 
Reaction conditions: 50 mg glucose using 5 mol % [LPhAlMe2] (2e), 120 °C, 2 h.  
  
106 
  
 
Scheme 2.4. Possible pathways for glucose conversion to HMF and other products. DHH 
= 2,5-dioxo-6-hydroxyhexanal. 
 
2.3.2.2. Effect of temperature and time 
Table 2.4 shows the effects of temperature and time on glucose dehydration in 
[EMIM]Cl using [LPhAlMe2] (2e, 5 mol %) as catalyst. The reaction was investigated in 
the absence and presence of catalyst over the 100–140 °C temperature range. At all 
temperatures in the absence of a catalyst, both the glucose conversion (3-23%) and the 
HMF yield (<1%) were quite poor, consistent with previous literature reports.178, 202 For 
example, Zhao et al. reported 40% glucose conversion and <4% HMF yield when 9.1 wt% 
glucose in [EMIM]Cl was heated at 180 °C for 3 h in the absence of a catalyst.178 In the 
presence of [LPhAlMe2] (2e), the conversion of glucose at 100 °C increased gradually with 
time, reaching a maximum of 59% after 6 hours (Table 2.4, entries 3-6). The HMF 
selectivity increased up to 56% over four hours of reaction, and remained at 56% after 6 h, 
resulting in 33% HMF yield.  
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As expected, glucose conversion increased with an increase in temperature. 
Consequently, 95% glucose conversion was achieved at 120 °C after 6 h. However, as the 
data in Table 2.4 (entries 11-14) show, glucose conversion slowed dramatically as the 
reaction progressed, with only a small increase in glucose conversion observed after 4 
hours. While this likely reflects the reduction in reaction rate as the concentration of 
glucose decreases, it is noteworthy that the HMF selectivity remained more or less constant 
(53-54%) over 4 h, and decreased only slightly (to 49%) after 6 h. This result argues against 
significant catalyst deactivation occurring during the reaction since the HMF selectivity 
remained essentially constant as the glucose conversion increased. Accordingly, the HMF 
yield increased up to 46% after 4 h and was essentially unchanged after 6 h.  
Raising the reaction temperature to 140 °C resulted in 92% glucose conversion after 1 
hour, along with 48% HMF selectivity and 44% HMF yield. Consequently, we investigated 
the effect of shorter reaction time for [LPhAlMe2] (2e)-catalyzed glucose conversion at 140 
°C (Table 2.4, entries 16 and 17). 70% glucose conversion was observed after 20 minutes 
but the reaction progress slowed dramatically once again, with only 15% additional glucose 
conversion observed after another 20 minutes of reaction. However, while glucose 
conversion increased on raising the reaction temperature from 120 to 140 °C, the HMF 
selectivity and hence the HMF yield decreased slightly although shorter time was required 
to reach high conversion (Table 2.4). 
 
2.3.2.3. Effect of catalyst loading 
Table 2.5 shows results of our study of the effect of catalyst loading on glucose 
conversion and the product distribution for [LPhAlMe2] (2e)-catalyzed dehydration of 
glucose in [EMIM]Cl at 100 and 120 °C for 4 h; the catalyst loading was varied from 5 to 
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20 mol% in 5% increments. At both temperatures, a modest increase in glucose conversion 
accompanied an increase in the catalyst loading from 5 to 10 mol % while further increase 
in the catalyst loading had little effect on the extent of reaction. Conversely, both the HMF 
selectivity and yield decreased significantly upon increasing the catalyst loading from 5 to 
10 mol % while further increase in the catalyst loading resulted in unchanged or slightly 
decreased HMF selectivity and yield. Thus, it appears that catalyst loadings higher than 5 
mol % enhance side reactions that lead to formation of humins.  
 
Table 2.4. Temperature and time effects on glucose dehydration in [EMIM]Cl in absence 
and presence of [LPhAlMe2] (2e) catalyst.
a 
Entry 
Temp 
(°C) 
Time 
(hours) 
Catalystb 
Glucose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield 
(%) 
1 100 1 - 3 0 0 
2 100 2 - 4 0 0 
3 100 1 2e 17 38 6 
4 100 2 2e 31 43 13 
5 100 4 2e 46 56 26 
6 100 6 2e 59 56 33 
7 120 1 - 4 0 0 
8 120 2 - 6 0 0 
9 120 4 - 8 5 < 1 
10 120 6 - 15 5 <1 
11 120 1 2e 52 53 28 
12 120 2 2e 69 54 38 
13 120 4 2e 88 53 46 
14 120 6 2e 95 49 47 
15 140 1 - 23 0 0 
16 140 0.33c 2e 70 47 33 
17 140 0.66d 2e 85 45 39 
18 140 1 2e 92 48 44 
aReaction conditions: 9.1 wt% glucose in [EMIM]Cl. b5 mol % [LPhAlMe2] 
(2e) used as catalyst. c20 min. d40 min. 
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Table 2.5. The effect of [LPhAlMe2] (2d) catalyst loading on glucose dehydration in 
[EMIM]Cl.a 
Entry 
Temp 
(°C) 
Catalyst 
(mol %) 
Glucose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield 
(%) 
1 100 5 46 56 26 
2 100 10 65 42 27 
3 100 15 69 43 30 
4 100 20 71 39 28 
5 120 5 88 53 46 
6 120 10 94 45 42 
7 120 15 95 45 43 
8 120 20 97 42 40 
 
a Reaction conditions: 9.1 wt % glucose at the indicated temperature for 4 h. 
 
2.3.2.4. Ligand effects 
The potential of LRAlMe2 complexes 2a-g as catalysts for glucose dehydration to HMF 
was investigated by conducting the reaction in [EMIM]Cl at 120 °C for 4 hours using 5 
mol% of 2a-g as catalyst. As shown by the glucose conversion and product distribution 
data in Figure 2.4, LRAlMe2 complexes 2a-2d for which the R substituent was an alkyl 
group (Scheme 2.4) were ineffective catalysts for selective formation of HMF. The glucose 
conversion was modest (~50%), even if significantly higher than in absence of a catalyst 
(blank). But more importantly, both the HMF selectivity and yield were extremely poor. 
The HMF yield in fact decreased as size of the amino moiety’s alkyl substituent increased, 
with only a trace amount of HMF produced when 2d (LRAlMe2, R = Bu
t) was the catalyst.  
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Figure 2.4. Glucose conversion in [EMIM]Cl with [LRAlMe2] catalysts 2a-2g. Reaction 
conditions: 9.1 wt % glucose using 5 mol% [LRAlMe2] catalyst at 120 °C for 4 h. 
 
The difference in catalytic efficiencies of LRAlMe2 complexes containing alkyl-
substituted amino group (2a-d) versus aryl-substituted amino group (2e-g) is remarkable. 
All of the aryl-substituted aluminum (aminomethyl)phenolate complexes 2e-g afforded 
much higher glucose conversion (>87%) and much better HMF selectivity (49-54%) and 
yield (42-49%) than alkyl-substituted aluminum (aminomethyl)phenolate complexes 2a-d 
(Figure 2.4). As the data in Tables 2.2 and 2.3 show, bond angles about the Al and N atoms 
are similar for all of the complexes. However, Al–N bond distances for 2a and 2b are 
significantly shorter than those for 2e and 2f, due presumably to stronger sigma electron 
donation to aluminum by alkyl-substituted nitrogen relative to aryl-substituted nitrogen. 
On the other hand, the significantly longer Al–N bond distance for 2c (compared to 2a and 
2b) is most probably due to its sterically more crowded coordination sphere.  
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Thus, we presume that the markedly decreased efficiency of 2a-d as glucose 
dehydration catalysts (versus 2e-g) is due to the reduced Lewis acidity of 2a-d, and/or 
greater steric hindrance at the aluminum center in complexes 2c and 2d. In this regard, a 
slight increase in both the HMF selectivity and yield was observed as electron donation 
from aryl-substituted amino group was decreased by decreasing the electron releasing 
ability of the para substituent of the aryl group (Figure 2.4), that is, from R = p-MeC6H4 
(2e) to R = C6H5 (2d) to R = p-ClC6H4 (2f).
276 Clearly, the different 
(aminomethyl)phenolate ligands impose different chemical (coordination) environments 
about the Al center, consistent with the different chemical shifts observed for the Al–Me 
groups of 2a-d versus 2e-g (see Section 2.5.1).  
2.3.2.5. Effect of ionic liquid 
Table 2.6 shows the effect of the ionic liquid on the efficiency of glucose dehydration at 
120 °C using 2e (5 mol%) as catalyst. While the reaction progressed similarly in 1-ethyl-
3-methylimidazolium bromide ([EMIM]Br) (Table 2.6, entries 4-7) as in [EMIM]Cl (Table 
2.4, entries 11-14), the HMF selectivity and yield were significantly higher in [EMIM]Br, 
peaking after 4 hours at 64% and 54%, respectively. Higher HMF selectivity and yield 
have previously being observed in the presence of bromide ion relative to chloride ion, and 
have been attributed to acceleration of fructose dehydration as a result of better 
nucleophilicity and leaving group properties of bromide ion.202, 277-278 
Glucose conversion progressed significantly faster in 1-butyl-3-methylimidazolium 
bromide ([BMIM]Br) than in [EMIM]Br, reaching 92% in one hour, and giving HMF 
selectivity and yield of 56% and 52%, respectively. Increasing the reaction time to 2 h 
resulted in slightly higher glucose conversion and an increase in the HMF selectivity and 
  
112 
  
yield to 60% and 58%, respectively. However, further increase in the reaction time resulted 
in a decrease in the HMF selectivity and yield (Table 2.6, entry 10). Since glucose 
conversion was much faster in [BMIM]Br, we investigated the effect of lowering the 
concentration of glucose in [BMIM]Br from 9.1 wt % to 4.8 wt % on the HMF selectivity 
and yield: 95% glucose conversion was achieved after 2 hours, along with slight increases 
in the HMF selectivity and yield, up to 63% and 60%, respectively (Table 2.6, entry 11). 
 
Table 2.6. Ionic liquid effects on glucose dehydration with [LPhAlMe2] (2e) as catalyst.
a 
Entry 
Ionic  
liquid (IL) 
  
Time (h)  
Glucose 
Conversion 
(%) 
HMF  
Selectivity  
(%) 
HMF 
Yield 
(%) 
1 [BMIM]Cl 1 52 59 31 
2 [BMIM]Cl 2 72 57 41 
3 [BMIM]Cl 4 87 54 46 
4 [EMIM]Br 1 56 56 32 
5 [EMIM]Br 2 74 59 44 
6 [EMIM]Br 4 84 64 54 
7 [EMIM]Br 6 91 55 50 
8 [BMIM]Br 1 92 56 52 
9 [BMIM]Br 2 97 60 58 
10 [BMIM]Br 4 100 55 55 
11b [BMIM]Br 2 95 63 60 
a Reaction conditions: 9.1 wt % glucose with 5 mol% [LPhAlMe2] (2e) at 120 °C. 
b 4.8 wt% 
glucose and 5 mol % [LPhAlMe2] (2e) at 120 °C. 
 
2.4. Conclusion 
LRAlMe2 complexes 2e-g, which contain a bidentate (aminomethyl)phenolate ligand 
with an aryl substituent on the amino group, are efficient catalysts for glucose dehydration 
in ionic liquid solvents to give HMF. In [EMIM]Br and [BMIM]Br, the reaction proceeds 
at 120 °C with very high conversion in 2 hours to produce HMF with 60-63% selectivity 
and in 58-60% yield. Both the HMF selectivity and yield were lower in [EMIM]Cl, up to 
54% and 49%, respectively. The HMF selectivity of glucose dehydration decreased as the 
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concentration of the aluminum catalyst was increased from 5 to 20 mol%. In the glucose 
dehydration reactions conducted, no other soluble products (besides glucose, fructose, 
and/or HMF) were detected by HPLC analysis of the supernatants obtained after aqueous 
workup of the reaction mixtures, except insoluble dark solids (humins) accompanying 
these reactions. Thus, the HMF selectivity of LRAlMe2-catalyzed glucose dehydration 
appears to be limited by competing reactions resulting in humins formation.  
The reasonably high yield of HMF (60%) obtained herein from LPhAlMe2-catalyzed 
glucose dehydration in ionic liquids is encouraging, as is our finding that the catalytic 
efficiency of LRAlMe2 complexes can be tuned via modification of the 
(aminomethyl)phenolate ligand. The findings from this study are useful toward developing 
better understanding of the relationship between the structure and function of aluminum 
catalysts for glucose (and ultimately cellulose) conversion into HMF.  
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 Further insights into substituent effects on aluminum-catalyzed 
dehydration of monosaccharides to 5-(hydroxymethyl)furfural 
 
3.1.  Introduction 
As discussed in Chapter 2, dimethyl aluminum complexes bearing 
(aminomethyl)phenolate ligands, LRAlMe2, (where R = Ph (2e), p-MeC6H5 (2f), p-
ClMeC6H5 (g)) with aryl substituents on the amino moiety are efficient catalysts for the 
conversion of glucose to HMF. At temperature ≥120 °C, almost quantitative conversion 
of glucose was achieved at HMF selectivity and yields of 60-63% and 58-60%, 
respectively, when reactions were carried out using 2e in [EMIM]Br and [BMIM]Br. All 
catalysts with aryl substituents on the amino group (2e-2g) showed comparable HMF 
yields when [EMIM]Cl was used as the solvent. Even though these catalysts can efficiently 
isomerize glucose to fructose, HMF yield seemed to plateau in the lower to upper 50%.  
Even though modest HMF was obtained, systematic modification of the amino group 
substituents was informative because it gave an indication that substituents on the ancillary 
ligand affect the catalytic activity of the complexes differently. To achieve better HMF 
selectivity, additional tuning of the aluminum complexes is required. The substituents on 
the phenoxy ring moiety of the (aminomethyl)phenolate ligand system are worth 
consideration (in the aluminum complexes described in chapter 2, the phenoxy ring moiety 
consisted of tert-butyl and methyl substituents in the ortho and para positions, respectively, 
to the phenolic oxygen of the LRAlMe2). This is because substitution of the phenoxide 
moiety substituents with electron-withdrawing or electron-donating groups, aromatics, or 
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bulky substituents can potentially affect the electronic and steric properties of the 
aluminum complexes obtained, which may in turn influence their catalytic activity.  
In this chapter we investigated the effect of various substituents on the phenoxy moiety 
of the (aminomethyl)phenolate ligand system on the catalytic activity of LRAlMe2-
catalyzed glucose and fructose dehydration (while doing so, we retained the phenyl 
substituent on the amino group to be identical to that of complex 2e reported in Chapter 2 
– with phenyl and benzyl substituents on amino group). We hypothesized that using 
bulky/sterically demanding substituents on the phenoxide ring could affect the binding of 
aluminum metal center to the substrate molecules and thus change their catalytic efficiency. 
Moreover, addition of electron-withdrawing or electron-donating substituents on the 
phenoxide moiety can influence the electrophilicity of the aluminum center. Literature 
reports show that substitution on the phenoxide ring of metal complexes affects their 
catalytic reactivity.279-280 In the study of related phenoxy-imine metal complexes used as 
catalysts for olefin polymerization, the use of sterically demanding substituents ortho to 
the phenolic oxygen has been shown to afford complexes displaying high catalytic 
activity.281 One of the functions of these bulky substituents is to prevent formation of 
inactive bis-ligated and oligomeric complexes.282    
Additionally, the effect of changing the anionic donor ligands bound to the aluminum 
center on the catalytic activity of the complexes was explored. For example, substitution 
of methyl spectator ligands (directly bound to the metal center), which are electron 
donating, with electron-withdrawing spectator ligands may increase the electrophilicity of 
the aluminum center which in turn changes the electronic properties of the catalyst. As is 
expected, changing the donor ligands of LRAlMe2 complexes affects the electron density 
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and hence Lewis acidity of the metal center. For instance, Nomura and coworkers 
demonstrated that the catalytic activity of phenoxy-imine metal complexes is dependent on 
the spectator ligands bound to the metal center.283  
By synthesizing ligands with methyl, phenyl and cumyl groups on the ortho and para 
position to the phenoxide donor oxygen of the ring, we can tune both the electronics and 
sterics of the metal center. Thus, a series of aluminum complexes of the general formula 
LPhAlX2 [where L = phenoxide moiety with different substituents on ortho/para position, 
the amino group comprised the phenyl (Ph) and benzyl substituents, X = Me, Cl] were 
synthesized and their catalytic efficiency in converting glucose and fructose to HMF was 
investigated. Substitution of methyl donor ligands bound to the metal center with electron-
withdrawing chlorides is expected to impart a substantial change on the Lewis acidity of 
the metal center. 
 
3.2. Experimental Section  
 General procedures 
All manipulation of air- and/or moisture-sensitive compounds were carried out under 
dry nitrogen atmosphere using standard Schlenk or glovebox techniques. All solvents were 
dried and distilled by standard methods266 prior to use and stored in a glovebox over 4Å 
molecular sieves that had been dried in a vacuum oven at 150 °C for at least 48 h. All 
glassware was dried in an oven at 110 °C for 24 hours before use. Unless otherwise stated, 
all reagents and chemicals were used as received. Toluene, THF, ethanol, petroleum ether, 
n-hexane, chloroform, and methylene chloride (all ACS grade) was purchased from 
Pharmco-Aaper. Ethyl acetate and acetonitrile were purchased from Fisher Scientific. D-
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(–)-fructose (≥ 99%), D-(+)-glucose (≥ 99.5%), 5-hydroxymenthylfurfural (99%), AlMe3 
(2.0 M in hexanes), 2-tert-butyl-4-methylphenol (99%), ,4-Bis(α,α-dimethylbenzyl)phenol 
(95%), N-benzylaniline (99%), n-butyllithium (2.5 M in hexanes), anhydrous AlCl3 
(>99%) were purchased from Sigma-Aldrich. Paraformaldehyde (96%), 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl) (97%), and 1-ethyl-3-methylimidazolium 
bromide ([EMIM]Br) (97%) were purchased from Acros Organics. [EMIM]Cl [EMIM]Br, 
and [BMIM]Br were purified by recrystallization before use following literature 
methods267 or modification thereof. [BMIM]Br was synthesized and purified following 
literature methods.267,268 
1H and 13C NMR spectra were recorded at room temperature on a Varian INOVA VXR-
400MHz spectrometer, employing VnmrJ software. All chemical shifts are reported in 
units of δ (downfield from tetramethylsilane) and were referenced to residual solvent 
peaks. Fourier Transform Infrared (FTIR) spectra were collected on a Thermo Scientific 
Nicolet 6700 ATR-FTIR spectrometer fitted with a diamond crystal with a Smart iTR 
accessory. The resolution of the instrument was set to 4 cm-1. The background of the IR 
spectrum of air was first collected, and then powdered samples were placed on the diamond 
crystal, pressed against the crystal using the inbuilt high-pressure clamp and their 
absorbance was measured. A total of 40 s scans were used for both background and the 
samples. Raman spectra were collected on a DXR Raman microscope (Thermo Fisher) 
spectrometer. The source of radiation was a laser operated at 532 nm. The excitation laser 
beam was focused on the sample using a microscope equipped with a 10X lens. The laser 
power at the sample surface was about 2 mW and the acquisition time for each spectrum 
was 20 s and recorded in the range of 50–3500 cm-1. X-ray diffraction data were collected 
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at 90.0(2) K on a Bruker-Nonius X8 Proteum diffractometer with graded-multilayer 
focusing optics. Elemental analysis for C, H, and N were performed, by Robertson Microlit 
Laboratories, Ledgewood, NJ, and typically included the use of a combustion aid. 
 
 Synthesis of proligands 
3.2.2.1. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-4-methyl-6-cumylphenol (3)  
The synthesis of ligand 3 consisted of two steps; the phenol was first synthesized, 
followed by the ligand. 
Step 1 – Synthesis of 4-methyl-2-(2-phenylprop-2-yl)phenol: 4-methyl-2-(2-
phenylprop-2-yl)phenol was synthesized following literature methods284 with slight 
modification. A mixture of p-cresol (5.36 g, 49.6 mmol) and aluminum powder (0.02 g, 
0.72 mmol) was heated at 180–185 °С until a melt of aluminum phenoxide was formed. 
The reaction mixture was cooled down to 110 °С, α-methylstyrene (2.33 g, 19.75 mmol) 
was added and this was stirred for 3 h at 110 °С. The mixture was cooled down to ~20 °C, 
acidified with 2 M aqueous hydrochloric acid (25 mL), and diethyl ether (40 mL) was 
added to this. The ethereal layer was separated and the water layer was extracted with 
diethyl ether (3 × 25 mL). The combined extracts were washed with water (2 × 25 mL) 
and brine (25 mL) and dried with anhydrous Na2SO4 and after filtration the solvent was 
removed under reduced pressure to obtain a light brown liquid. The product was purified 
by silica gel column chromatography using 50:1 hexane:ethyl acetate to obtain a colorless 
liquid. Yield: 3.85 g (86.1%). 1H NMR (CDCl3, 400 MHz): δ 7.40–7.22 (m, 6H, ArH), 
6.99 (dd, 1H, 4J = 2.0 Hz, 3J = 8.4 Hz, ArH), 6.66 (d, 1H, 3J = 8.4 Hz, ArH), 4.19 (s, 1H, 
OH), 2.37 (s, 3H, ArCH3), 1.69 (s, 6H, C(CH3)2Ph). 
13C NMR (CDCl3, 100 MHz): δ 151.8, 
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148.6, 135.3, 129.8, 129.4, 128.7, 127.2, 127.1, 126.2 (all Ar–C), 41.8 (C(CH3)2Ph), 29.8 
(C(CH3)2Ph), 21.1 (ArCH3). 
Step 2 – Synthesis of 3: This ligand was prepared following was prepared following a 
similar procedure to that described for 1e in Chapter 2, from 4-methyl-2-(2-phenylprop-2-
yl)phenol (1.91 g, 8.44 mmol), paraformaldehyde (0.38 g, 12.66 mmol), and N-
benzylaniline (1.55 g, 8.44 mmol), except the reaction mixture was heated for 12 h. After 
purification by silica gel column chromatography using 50:1 hexane:ethyl acetate as eluent, 
3 was obtained as a white powder. Yield: 2.91 g (81.8 %). 1H NMR (CDCl3, 400 MHz): δ 
7.33–7.12 (m, 11H, ArH), 7.01–6.94 (m, 2H, ArH), 6.88–6.79 (m, 4H, ArH), 4.32 (s, 2H, 
ArCH2), 4.31 (s, 2H, ArCH2), 2.31 (s, 3H, ArCH3), 1.71 (s, 6H, C(CH3)2Ph). 
13C NMR 
(CDCl3, 100 MHz): δ 151.9, 150.1, 149.3, 137.5, 135.8, 129.2, 128.7, 128.5, 128.4, 128.3, 
127.7, 127.2, 126.8, 126.1, 126.0, 124.1, 120.6, 118.2 (all Ar–C), 56.2 (ArCH2), 54.1 
(ArCH2), 42.0 (C(CH3)2Ph), 29.9 (C(CH3)2Ph), 21.3 (ArCH3).  
 
3.2.2.2. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-4,6-dicumylphenol (4) 
This compound was prepared following a procedure reported in literature for a related 
compound.273 2,4-Bis(α,α-dimethylbenzyl)phenol (3.30 g, 10.0 mmol), N-
phenylbenzylamine (1.83 g, 10.0 mmol), and paraformaldehyde (0.4505 g, 15.0 mmol) 
were charged into a heavy-walled reaction vessel, equipped with a magnetic stir bar. The 
vessel was capped tightly, then placed in an oil bath maintained at 105 °C and heated with 
stirring for 6 h. After cooling to room temperature, the light-yellow reaction mixture was 
dissolved in chloroform (30 mL). The solution was washed with distilled water (5 × 20 
mL) and dried over anhydrous Na2SO4 for 2 h. After filtering off Na2SO4, the filtrate was 
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evaporated under reduced pressure to give a light yellow viscous oil. The oil was dissolved 
in n-hexanes and the solution concentrated. After cooling in the freezer overnight white 
crystals of 4 were obtained. The material was collected, washed with cold n-hexanes and 
dried under reduced pressure. Yield: 3.00 g (57.0 %). 1H NMR (CDCl3, 400 MHz): δ 7.88 
(s, 1H, OH), 7.30–7.07 (m, 14H, ArH), 6.91–6.85 (m, 1H, ArH), 6.84–6.79 (m, 4H, ArH), 
6.77 (d, 1H, 4J = 2.4 Hz, ArH), 4.17 (s, 2H, ArCH2), 4.15 (s, 2H, ArCH2), 1.66 (s, 6H, 
C(CH3)2Ph), 1.65 (s, 6H, C(CH3)2Ph). 
13C NMR (CDCl3, 100 MHz): δ 152.5, 151.5, 150.7, 
149.4, 141.2, 136.8, 135.2, 129.1, 128.9, 128.4, 128.4, 128.1, 127.3, 127.0, 126.73, 125.9, 
125.7, 125.7, 124.6, 122.8, 121.7, 119.7 (all Ar–C), 56.8 (ArCH2), 54.6 (ArCH2), 42.8 
(C(CH3)2Ph), 42.3 (C(CH3)2Ph), 31.2 (C(CH3)2Ph), 29.9 (C(CH3)2Ph). 
 
3.2.2.3. Synthesis of lithium salt of 2-[(N-benzyl-N-phenyl)aminomethyl]-6-tert-butyl-4-
methylphenol (5) 
Lithium salt (5) was prepared following a procedure reported for a related 
compound.285 In a glove box a toluene (10 mL) solution of 2-[(N-benzyl-N-
phenyl)aminomethyl]-6-tert-butyl-4-methylphenol, 1e, (4.95 mmol, 1.74g) was added 
dropwise to a toluene (10 mL) solution of n-BuLi (5.45 mmol, 2.17 mL, 1.1 eq., 2.5 M 
solution in hexanes) with vigorous stirring at room temperature. The reaction mixture was 
stirred for 3 h at room temperature. After removal of volatiles under reduced pressure a 
white powder was obtained which was used as is in subsequent reactions. Yield: 1.63 (89.9 
%). 1H NMR (400 MHz, CDCl3) δ: 7.14–6.90 (m, 7H, ArH), 6.57 (d, 2H, 
3J = 7.6 Hz, 
ArH), 6.42 (d, 2H, 3J = 7.6 Hz, ArH), 6.36 (s, 1H, ArH), 4.26 (d, 1H, 2J = 15.2 Hz, ArCH2), 
3.66 (d, 1H, 2J = 15.6 Hz, ArCH2), 2.88–2.64 (m, 2H, ArCH2), 2.21 (s, 3H, ArCH3), 1.44 
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(s, 9H, C(CH3)3). 
13C NMR (100 MHz, CDCl3) δ: 162.0, 149.9, 138.0, 135.6, 131.7, 129.5, 
129.4, 127.8, 127.6, 127.3, 124.7, 121.9, 121.2, 119.7 (all Ar-C), 54.3 (ArCH2), 51.7 
(ArCH2), 34.7 (C(CH3)3), 31.3 C(CH3)3), 20.9 (ArCH3).  
 
 Synthesis of aluminum complexes 
3.2.3.1. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-4-methyl-6-cumylphenolate 
aluminum dimethyl, (6) 
This compound was prepared following a procedure used for compound 2a in Chapter 
2. AlMe3 (3.2 mL, 0.64 mmol, 2.0 M in hexanes) was added dropwise to a toluene (10 mL) 
solution of proligand 3 (0.30 g, 0.64 mmol) at room temperature. Evolution of methane 
was immediately observed. The reaction mixture was stirred for 12 h at room temperature. 
All of the volatiles were removed under reduced pressure to give a light-yellow powder 
which was dissolved in a minimum amount of n-hexane and filtered to remove trace 
impurities. The filtrate was concentrated and kept in a freezer at -20 °C overnight. 
Subsequently, 6 was collected as a white powder and dried under reduced pressure. Yield: 
0.25 g (74.3 %) 1H NMR (CDCl3, 400 MHz): δ 7.43–7.34 (m, 2H, ArH), 7.33–7.13 (m, 
9H, ArH), 7.12–7.02 (m, 3H, ArH), 6.57 (d, 1H, 4J = 1.6 Hz, ArH), 6.52–6.45 (m, 2H, 
ArH), 4.37 (d, 1H, 2J = 13.2 Hz, ArCH2), 4.34 (d, 1H, 
2J = 11.2 Hz, ArCH2), 3.92 (d, 1H, 
2J = 14.0 Hz, ArCH2), 3.73 (d, 1H, 
2J = 13.2 Hz, ArCH2), 2.34 (s, 3H, ArCH3), 1.78 (s, 3H, 
C(CH3)2Ph), 1.67 (s, 3H, C(CH3)2Ph), –1.00 (AlCH3), –1.48 (AlCH3). 
13C NMR (CDCl3, 
100 MHz): δ 156.1, 152.5, 151.8, 145.6, 139.0, 131.4, 130.8, 130.1, 129.8, 128.7, 128.0, 
127.7, 126.8, 125.7, 124.7, 122.3, 119.3 (all Ar–C), 58.1 (ArCH2), 53.2 (ArCH2), 42.2 
(C(CH3)2Ph), 31.3 (C(CH3)2Ph), 27.7 (C(CH3)2Ph), 21.1 (ArCH3), –10.3 (AlCH3), –10.8 
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(AlCH3). Anal. Calcd. for C40H47lNO (477.62 g/mol): C, 80.47; H, 7.60; N, 2.93. Found: 
C, 80.77; H, 7.82; N, 2.90 %.  
 
3.2.3.2. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-4,6-dicumylphenolate 
aluminum dimethyl, (7) 
This compound was prepared following a similar procedure as that used for compound 
2a in Chapter 2. AlMe3 (0.5 mL, 1.0 mmol, 2.0 M in hexanes) was added dropwise to a 
toluene (10 mL) solution of proligand 4 (0.53 g, 1.00 mmol) at room temperature. 
Evolution of methane was immediately observed. The reaction mixture was stirred for 12 
h at room temperature. All of the volatiles were removed under reduced pressure to give a 
foam-like white solid which was dissolved in a minimum amount of n-hexane and filtered 
to remove trace impurities. The filtrate was concentrated and kept in a freezer at -20 °C 
overnight. Subsequently, 7 was collected as a white powder and dried under reduced 
pressure. Yield: 0.52 g (89.4 %) 1H NMR (CDCl3, 400 MHz): δ 7.33 (d, 1H, 
4J = 2.4 Hz, 
ArH), 7.30–6.95 (m, 15H, ArH), 6.83–6.75 (m, 2H, ArH), 6.46 (d, 1H, 4J = 2.8 Hz, ArH), 
6.38–6.21 (m, 2H, ArH), 4.23 (d, 1H, 2J = 13.6 Hz, ArCH2), 4.21 (d, 1H, 
2J = 12.8 Hz, 
ArCH2), 3.77 (d, 1H, 
2J = 14.0 Hz, ArCH2), 3.55 (d, 1H, 
2J = 13.6 Hz, ArCH2), 1.68 (s, 
3H, C(CH3)2Ph), 1.62 (s, 3H, C(CH3)2Ph), 1.61 (s, 3H, C(CH3)2Ph), 1.53 (s, 3H, 
C(CH3)2Ph), –1.10 (AlCH3), –1.57 (AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.2, 152.5, 
151.8, 145.6, 138.1, 137.8, 131.4, 130.6, 129.7, 128.9, 128.7, 128.2, 128.0, 127.8, 127.0, 
126.8, 126.0, 125.7, 125.6, 124.8, 118.9 (all Ar–C), 58.0 (ArCH2), 53.4 (ArCH2), 42.6 
(C(CH3)2Ph), 42.4 (C(CH3)2Ph), 31.4 (C(CH3)2Ph), 31.4 (C(CH3)2Ph), 31.3 (C(CH3)2Ph), 
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27.6 (C(CH3)2Ph), –10.2 (AlCH3), –10.7 (AlCH3). Anal. Calcd. for C40H47lNO (581.77 
g/mol): C, 82.58; H, 7.62; N, 2.41. Found: C, 82.27; H, 7.57; N, 2.38 %. 
 
3.2.3.3. Synthesis of 2-[(N-benzyl-N-phenyl)aminomethyl]-6-tert-butyl-4-methylphenolate 
aluminum dichloride, (8) 
In a glove box a toluene solution (15 mL) of 6-[CH2N(Ph)(CH2Ph)]-2-
tBu-4-Me-
C6H2OLi, compound 5, (1.64 mmol, 0.60g) was slowly added dropwise to a suspension of 
anhydrous AlCl3 (1.64 mmol, 0.22g) in toluene (10 mL) under vigorous stirring at room 
temperature. The mixture was stirred for 1 h and filtered through a glass frit to remove 
white LiCl precipitate. All volatiles were removed under reduced pressure to obtain a white 
powder after recrystallization from hexane. Yield: 0.58g (77.7 %). 1H NMR (400 MHz, 
CDCl3) δ: 7.59 (bs, 2H, ArH), 7.50 (t, 2H, 
3J = 7.6 Hz, ArH), 7.45-7.37 (m, 1H, ArH), 
7.29-7.20 (m, 2H, ArH), 7.16 (s, 1H, ArH), 7.13-7.04 (m, 2H, ArH), 6.61 (s, 1H, ArH), 
6.51 (d, 2H, 3J = 7.6 Hz, ArH), 4.82 (d, 1H, 2J = 14.0 Hz, ArCH2), 4.64 (d, 1H, 
2J = 13.6 
Hz, ArCH2), 4.25 (d, 1H, 
2J = 14.0 Hz, ArCH2), 4.01 (d, 1H, 
2J = 13.6 Hz, ArCH2), 2.30 
(s, 3H, ArCH3), 1.45 (s, 9H, C(CH3)3). 
13C NMR (100 MHz, CDCl3) δ: 154.9, 143.4, 139.5, 
131.9, 130.2, 129.7, 129.7, 129.3, 128.7, 128.4, 128.2, 127.6, 122.9, 118.6 (all Ar-C), 59.5 
(ArCH2), 53.7 (ArCH2), 35.1 (C(CH3)3), 29.8 (C(CH3)3), 21.1 (ArCH3). Anal. Calcd. for 
C25H28Cl2AlNO (456.38 g/mol): C, 65.79; H, 6.18; N, 3.07. Found: C, 65.33; H, 6.12; N, 
2.99 %. 
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 Crystallographic Studies 
Single crystals of LRAlMe2 complexes 6 (where R = Ph, R
1= C(CH3)2Ph, R
2 = Me, 
Scheme 3.3) and 7 (where R = Ph, R1 = R2 = C(CH3)2Ph, Scheme 3.3) suitable for X-ray 
crystallographic analysis were obtained by slow recrystallization from a 1:1 toluene:n-
hexane solution of the complexes in the glove box at room temperature. Colorless single 
crystals of the complexes were placed in dry and degassed Paratone oil on a glass slide and 
used for X-ray diffraction analysis. Crystallographic data for the complex is collected in 
Table 3.1. Additional details of the crystallographic data are given in the Appendix. 
 
 Dehydration of glucose or fructose: general procedure 
All the reactions were performed in a 5 mL reaction vial sealed with a solid cap with 
PTFE faced silicone septum. In a typical experiment, D-(+)-glucose or D-(–)-fructose (50 
mg, 0.28 mmol, unless otherwise stated), and a specified amount of ionic liquid, and 
aluminum precatalyst were charged into the reaction vial along with a magnetic stir bar 
under nitrogen atmosphere. The mixture was placed in a preheated oil bath at the desired 
temperature and let stir. After a specified period of time the reaction was quenched by 
immediately placing the vial in an ice bath. The mixture was diluted with 3 mL of deionized 
water, let stir for 5 minutes and centrifuged for 1 h. Subsequently, the supernatant was 
collected (via decantation to exclude insoluble solids) and analyzed by HPLC. 
 
 Product Analysis 
HPLC quantitative analysis of dehydration reactions products was performed using an 
Agilent 1260 Infinity II LC or a Thermo Scientific Dionex Ultimate 3000 HPLC system 
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equipped with a quaternary pump, a refractive index (RI) detector, and a Biorad Aminex 
HPX-87H column (300 × 7.8 mm). 5.0 mM H2SO4 was used as the mobile phase at a flow 
rate of 0.6 mL/min, and the column and the refractive index detector temperature were 
maintained at 50 °C. The injection volume was 20 μL. All concentrations of glucose, 
fructose, and HMF in the aqueous phase were determined by comparison to standard 
calibration curves. Glucose and fructose conversion and products selectivity and yield are 
defined as follows: 
 
 
 
 
 
 Isolation of humins 
Humins samples were prepared from LPhAlMe2 (2e)-catalyzed dehydration of glucose 
and fructose in [EMIM]Cl. In a typical dehydration experiment similar to that explained in 
subsection 3.2.5, a specified amount of [EMIM]Cl, D-(+)-glucose or D-(–)-fructose, and 5 
mol% (relative to glucose or fructose) of the aluminum precatalyst were charged into the 
reaction vial along with a magnetic stir bar under nitrogen atmosphere. The mixture was 
placed in a preheated oil bath at 120 °C and stirred for 2 h (fructose) or 4 h (glucose). The 
reaction mixture was quenched by immediately placing the vial in an ice bath. 
Subsequently, the dark-colored solids were isolated and purified (by washing with ethyl 
acetate, acetone, and water) following aqueous workup of the reaction mixtures by 
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decanting the supernatant produced after centrifugation. The solids were collected and 
dried at 45 °C in a vacuum oven (35 °C, 30 in. Hg) for 48 h before being characterized by 
FTIR and Raman spectroscopy. 
 
3.3. Results and Discussion 
 Proligands and complexes synthesis and characterization 
The phenoxide moiety of the aluminum precatalysts described in chapter 2 comprised 
of tert-butyl and methyl substituents at the ortho and para positions, respectively, with 
respect to the phenolic oxygen. Both the tert-butyl and methyl substituents are good 
electron donors (to the phenoxide ring), resulting in increased electron density in the ring. 
The electron-rich phenoxide ring can readily donate electrons to the aluminum center 
which results to decrease in Lewis acidity of the metal center.   Electron-withdrawing 
groups on the phenoxide ring result in an opposite effect in which the metal center is 
electron deficient making it very acidic. It is expected that the catalytic activity or 
efficiency of electron-rich aluminum complexes will be different from electron-deficient 
systems in the conversion of sugars to HMF.  
In regard to the aforementioned effects of electron-withdrawing substituents on the 
phenoxide ring on the catalytic activity of LRAlMe2 complexes, experiments were designed 
to synthesize (aminomethyl)phenolate ligands with chloro or bromo substituents at the 
ortho and para positions of the phenoxide ring. However, attempts to synthesize these 
ligands with electron-withdrawing substituent on the phenoxy moiety were not successful. 
Moreover, efforts to synthesize ligands consisting of substituents with strong electron-
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donating properties such as methoxy groups on the phenoxide ring did not bear fruits either 
(Scheme 3.1).   
 
Scheme 3.1. Unsuccessful syntheses of (aminomethyl)phenolate ligands with various 
substituents on the phenoxide moiety. 
 
As previously mentioned, sterically demanding substituents on the phenoxide ring can 
influence the catalytic activity of the metal complexes. This is partly because bulky 
substituents prevent the formation of inactive bis-ligated or bi-metallic complexes. They 
also inhibit oligomerization and aggregation of metal complexes. Consequently, LRAlMe2 
complexes with bulky substituents at the ortho (or para) position to the phenolic oxygen 
of the (aminomethyl)phenolate ligand system were synthesized and screened as catalysts 
for glucose-to-HMF conversion.  
The following ortho substituents were chosen in our synthesis: methyl, phenyl, cumyl, 
diphenyl ethyl, and trityl substituents. Even though we succeeded in synthesizing a 
proligand with methyl groups on the ortho-para positions of the phenoxide ring, the 
synthesis of the respective aluminum complex was not successful. Moreover, after many 
trials we were not successful in isolating pure ligands with a phenyl, a diphenyl ethyl or a 
trityl substituent at the ortho or para positions (Scheme 3.1). Therefore, the following 
discussion is for the cumyl and dicumyl substituted ligand whose synthesis was a success. 
The cumyl and dicumyl substituted (aminomethyl)phenol proligands, 3 and 4, respectively, 
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were synthesized by modification of literature reports of related compounds.273 As shown 
in Scheme 3.2(a) a neat reaction of 2,4-bis(α,α-dimethylbenzyl)phenol or 4-methyl-2-(2-
phenylprop-2-yl)phenol, paraformaldehyde, and N-benzylaniline at 105 °C afforded the 
proligands in moderate to high yields. A reaction of AlMe3 and proligands 3 and 4 in 
toluene solution at room temperature yielded complexes 6 and 7 (Scheme 3.2(b)).  
 
Scheme 3.2. Synthesis of the cumyl substituted proligands 3 and 4 and the corresponding 
aluminum complexes 6 and 7.  
 
The new lithium salt of 2-[(N-benzyl-N-phenyl)aminomethyl]-6-tert-butyl-4-
methylphenol, 5, was synthesized in high yield via a reaction of 1 equivalent of n-
butyllithium and proligand 1e, described in chapter 2 (Scheme 3.3), by modification of the 
method reported by Dagorne285 for similar (aminomethyl)phenolate compounds. The 
lithium salt obtained was used in the synthesis of the dichloride complex (8, LPhAlCl2) in 
high yield, by treatment of 5 with one molar equivalent of AlCl3 in toluene at room 
temperature. Compounds 6, 7, and 8 were isolated as white powders which were readily 
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soluble in nonpolar and polar aprotic solvents, but only moderately soluble in aliphatic 
hydrocarbon solvents such as n-hexanes, and thus could be easily recrystallized from 
hexane at room temperature. 
 
 
Scheme 3.3. Synthesis of the lithium salt 5 and complex 8.  
 
The molecular structure of the ligands and complexes 6, 7, and 8 were established by 
elemental analysis and solution NMR data. As expected the 1H NMR of 5 did not contain 
the downfield resonance peak of the OH group present in the proligand, indicating 
lithiation of the phenolic oxygen of 1e.  The 1H NMR spectra of complexes 6, 7, and 8 
displayed four doublets (ranging from 4.82 to 3.55 ppm) each integrating to 1H, 
representing four chemically inequivalent methylene and benzylic protons. This shows that 
the amino nitrogen of the LPhMeX2 (X = Me or Cl) complexes is tightly bound to 
aluminum, thereby hindering rotation of N-benzyl group of the amino moiety at NMR 
timescale at room temperature. Moreover, two different 1H NMR resonances for methyl 
groups bound to aluminum were observed in the upfield region ranging from -1.00 to -1.57 
ppm for 6 and 7. These spectral data is consistent with the expected C1 symmetry of 
tetrahedral LPhAlX2 (X = Me or Cl) complexes containing bidentate 
(aminomethyl)phenolate ligands. 13C NMR spectra of the LPhAlX2 complexes are also 
consistent with their C1 symmetry with the presence of two Al-CH3 and two benzylic 
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carbon resonances, with complexes 6 and 7 displaying eighteen aromatic carbon 
resonances, whereas 8 consisted of fourteen aromatic carbon resonances. 
The structure assigned by spectroscopy for complexes 6 and 7 were confirmed by X-
ray diffraction. Single crystals of the complexes were grown from a solution of toluene and 
n-hexane. The single-crystal structures of these complexes are shown in Figures 3.1 and 
3.2 and crystallographic data and selected bond distances and angles are shown in Tables 
3.1 and 3.2. The crystal structure of 6 and 7 shows that the complexes form a distorted 
tetrahedral geometry around the aluminum metal center with the (aminomethyl)phenolate 
ligand coordinated to the metal center through the phenolate oxygen and amino nitrogen 
atoms. Two carbons from the methyl groups are also coordinated to the aluminum metal 
center. Distortion from ideal tetrahedral geometry results from the formation of an acute 
O–Al–N bite angles of 96.92° (for complex 6) and 96.87° (for complex 7) by the chelating 
(aminomethyl)phenolate ligands. The small bite angles are compensated by the opening of 
the C–Al–C, C–Al–O, and C–Al–N bond angles as shown in Table 3.2.  
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Figure 3.1. Ellipsoid plots of 6. Thermal ellipsoids are drawn at 50% probability level. 
Hydrogens are omitted for clarity. 
 
The Al–N bond distances for complex 6 (2.0812(11) Å) and complex 7 (2.0744(16) Å) 
are in the typical range reported for aluminum complexes bearing amino groups (1.957(3)–
2.238(4) Å).260 Similarly, the Al-o bond distances for both 6 (1.7562(10) Å) and 7 
(1.7585(14) Å) fall in the range known to aluminum phenolate complexes (1.640(5)–
1.773(2) Å).275, 286-288 The  Al–N bond distances of 6 and 7 are comparable to those obtained 
for complex 2e (with NPh(CH2Ph) moiety, 2.082 Å) but shorter than that of complex 2f 
(with N(p-MeC6H4)(CH2Ph) moiety, 2.053 Å) as shown in Table 2.3. However, their Al–
N bond distances are significantly longer than the same distances for complexes with alkyl 
(methyl and ethyl) substituents on the N amino groups. The longer Al–N distances of the 
complexes with aryl substituents on the amino group (compared with complexes containing 
an alkyl substituent) may be attributed to the poor electron releasing of the aryl substituents 
to the nitrogen, which in turn decreases the donation of electrons by the nitrogen to the 
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metal center. This causes the metal center in the aryl substituted complexes to be more 
electron deficient and a better Lewis acid center.289    
 
Figure 3.2. Ellipsoid plots of 7. Thermal ellipsoids are drawn at 50% probability level. 
Hydrogens are omitted for clarity. 
 
Complexes 6 and 7, space groups P21/n and P2/c, respectively, each crystallize with 
two molecules in the asymmetric unit. A closer look at each of the structures shows that 
analogous bond distances and angles are similar for each complex. The major difference 
between complexes 6 and 7 and complexes 2e or 2f (both space group P21/c with one 
molecule in the asymmetric unit) is the presence of bulky cumyl groups on the phenoxide 
portion of the (aminomethyl)phenolate ligand in 6 and 7. 
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Table 3.1. Crystallographic Data for complexes 6 and 7.   
complex 6 7 
formula C32H36AlNO C40H47AlNO 
formula wt. 477.60 581.74 
T (K) 90.0(2) 90.0(2) 
crystal system monoclinic monoclinic 
space group P2(1)/n P2/c 
a (Å) 12.2281(3) 24.9320(9) 
b (Å) 35.7121(8) 10.5819(3) 
c (Å) 13.1292(3) 26.0268(9) 
α  90 90 
β  107.644(1) 96.066(1) 
γ  90 90 
V (Å3) 5463.7(2) 6828.1(4) 
Z  8 8 
Dcalcd (Mg/m
3) 1.161 1.132 
Final R indices [I > 2σ(I)]  R1, wR2 0.0423, 0.0987 0.0543, 0.1131 
Final R indices (all data)  R1, wR2 0.0482, 0.1017 0.0840, 0.1253 
CCDC no. 1837128 1837124 
 
Table 3.2. Selected Bond Lengths (Å) and Bond Angles (°) for complexes 6 and 7. 
6 7 
atoms distance atoms distance 
Al(1A)-O(1A)                                                              1.7562(10) Al(1A)-O(1A)                                                              1.7585(14) 
Al(1A)-C(31A)                                                            1.9518(14) Al(1A)-C(39A)                                                            1.955(2) 
Al(1A)-C(32A)                                                            1.9641(14) Al(1A)-C(40A)                                                            1.959(2) 
Al(1A)-N(1A)                                                              2.0812(11) Al(1A)-N(1A)                                                              2.0744(16) 
N(1A)-C(28)                                                             1.4743(16) N(1A)-C(36)                                                             1.473(2) 
N(1A)-C(17A)                                                             1.5110(16) N(1A)-C(28)                                                             1.508(2) 
N(1A)-C(18A)                                                             1.5177(16) N(1A)-C(26A)                                                             1.517(2)
O(1)A(1)-C(1)A(1)                                                               1.3420(15) O(1A)-C(1A)                                                             1.340(2)
6 7 
atoms angles atoms angles 
O(1A)-Al(1A)-C(31A)                                            109.27(6) O(1A)-Al(1A)-C(39A)                                            111.30(8)
O(1A)-Al(1A)-C(32A)                                            112.68(6) O(1A)-Al(1A)-C(40A)                                            109.20(8)
C(31A)-Al(1A)-C(32A)                                          119.62(7) C(39A)-Al(1A)-C(40A)                                          120.84(9)
O(1A)-Al(1A)-N(1A)                                               96.92(4) O(1A)-Al(1A)-N(1A)                                               96.87(6) 
C(31A)-Al(1A)-N(1A)                                           107.81(6) C(39A)-Al(1A)-N(1A)                                           105.79(7)
C(32A)-Al(1A)-N(1A)                                           107.99(5) C(40A)-Al(1A)-N(1A)                                           110.11(8)
C(28)-N(1A)-Al(1A)                                           112.89(10) C(36)-N(1A)-Al(1A)                                           105.68(11)
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 Glucose Dehydration Studies 
3.3.2.1. Effect of catalyst and reaction time  
Glucose dehydration reactions in [EMIM]Cl were conducted at 120 °C for different 
reaction times. The reactions were investigated in the absence and presence of the catalysts 
and the results are shown in Table 3.3. In the absence of the catalyst, glucose conversion 
(4-8%) as well and HMF yield (<1%) were very poor. In the presence of 5 mol % of 
catalysts 6, [6-(CH2NPhCH2Ph)-2-CMe2Ph-4-Me-C6H2O]AlMe2, and 7, [6-
(CH2NPhCH2Ph)-2,4-CMe2Ph-C6H2O]AlMe2, glucose conversion of 69% and 67%, 
respectively, was achieved in 1 h at 120 °C. Over time, glucose conversion increased 
similarly in the presence of both 6 and 7, reaching a maximum of 91% and 85% in 4 h, 
respectively. Both 6 and 7, exhibited good HMF selectivity. HMF selectivity in the 50-
56% range was obtained using 6, with a maximum HMF yield of 46% achieved. This is 
similar to the yield obtained using complex 2e (Chapter 2) under similar reaction 
conditions. Interestingly when complex 7 was used, HMF selectivity and yield of up to 
74% and 58% was obtained after 2 h while HMF selectivity decreased to 69% with a 59% 
HMF yield corresponding to 85% glucose conversion after 4 h. This is the highest HMF 
yield (59%) obtained so far in [EMIM]Cl using the dimethyl aluminum complexes bearing 
(aminomethyl)phenolate ligands. For both complexes 6 and 7, HMF selectivity slightly 
decreased with additional reaction time, presumably due to degradation of HMF when 
heated for longer times.  
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Table 3.3. Glucose dehydration in [EMIM]Cl in the absence and presence of complexes 6 
and 7.a 
Entry Catalyst 
Time 
(h) 
Glucose 
Conversion (%) 
HMF 
Selectivity (%) 
 
HMF Yield (%) 
 
1 - 1 4 0 0 
2 - 2 6 0 0 
3 - 4 8 5 <1 
4 6 1 69 56 39 
5 6 2 81 55 44 
6 6 4 91 50 46 
7 7 1 67 71 47 
8 7 2 78 74 58 
9 7 4 85 69 59 
 
aReaction conditions: 9.1 wt% glucose with 5 mol% of complexes 6 and 7 as catalyst. 
 
The selectivity for HMF obtained by using complex 7 is very encouraging because only 
5 mol% of the catalyst is used to obtain high HMF yield (59%), unlike the ubiquitous AlCl3 
which are typically used between 30 – 40 mol% and  only furnished HMF yields of up to 
61%.186 The results also support our proposition that sterically demanding substituents on 
the phenoxy moiety of the ligand affect the catalytic activity of the aluminum complexes. 
Specifically, having bulky substituents on the ortho and para positions of the phenolate 
ring caused a substantial increase in the catalytic activity of 7. Thus, the catalytic activity 
of 7 is related to the steric bulk and the effect of the ligand on catalyst activity, will be 
discussed in Chapter 4. It is also possible that complex 7 may help to inhibit competing 
reactions leading to the loss of HMF or glucose into humins and other decomposition 
products.  
 
3.3.2.2. Effect of ionic liquid 
The structures of ionic liquids (ILs) have remarkable effect on their properties, and the 
interactions between sugars and the IL’s cations and anions plays an important role in 
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carbohydrate dehydration. In Chapter 2 we examined different ILs and their effect on the 
catalytic efficiency of complex 2e in glucose dehydration. While there was no clear 
relationship between the chain length and product yields, the anion was found to 
significantly affect the rate and selectivity of the reaction. In this section, we extended our 
investigation on the effect of ILs on the catalytic activity of complexes 6 and 7. Tables 3.4 
and 3.5 show results of our study of the effect of different ILs on glucose conversion, HMF 
selectivity, and yield in the presence of 5 mol % of 6 and 7 at 120 °C over different reaction 
times. 
 
Table 3.4. Glucose dehydration with complexes 6 in different ionic liquids.a 
Entry Catalyst 
Ionic 
liquid (IL) 
 
Time 
(h) 
Glucose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield (%) 
 
1 6 [BMIM]Cl 1 69 55 38 
2   2 80 55 44 
3   4 93 51 48 
4 6 [EMIM]Br 1 55 46 25 
5   2 72 56 40 
6   4 91 58 52 
7 6 [BMIM]Br 1 65 60 39 
8   2 81 62 50 
9   4 95 63 60 
 
aReaction conditions: 9.1 wt% glucose with 5 mol% catalyst, 120 °C.  
 
All the ILs used consisted of either a bromide or chloride as the anion, and EMIM+ or 
BMIM+ as the cations. Glucose conversion was similar in all the ionic liquids investigated, 
with a few exceptions explained below. For the ILs containing the chloride anion 
([EMIM]Cl and [BMIM]Cl), glucose conversion was essentially similar when 6 or 7 was 
used as the catalysts. For example, after heating glucose in [EMIM]Cl or [BMIM]Cl for 2 
h at 120 °C in the presence of 5 mol% of either catalyst 6 or 7, about 76-81% of glucose 
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was converted (Table 3.3, entries 5 and 8, Table 3.4, entry 2, and Table 3.5, entry 2). 
However, HMF selectivity and yield achieved using complex 7 was found to be higher in 
[EMIM]Cl solvent than those obtained using complex 6. In [EMIM]Cl, HMF selectivity 
and yield of 74% and 58% (Table 3.3 entry 8), respectively, were obtained from 7 whereas 
HMF selectivity and yield of 55% and 44% (Table 3.3 entry 5), respectively, were obtained 
from 6, after 2 h at 120 °C. In [BMIM]Cl the HMF selectivity and yield were essentially 
similar for reactions conducted using either complex 6 or 7. (Tables 3.4 and 3.5, entries 1-
3). In both solvents ([EMIM]Cl and [BMIM]Cl), HMF selectivity decreased slightly with 
increased reaction time. For instance, in [BMIM]Cl, HMF selectivity of 56% and 55% was 
attained after a 2 h glucose reaction using complexes 6 and 7, respectively, but the 
selectivity dropped to 46% and 51% after 4 h.  
As shown in Tables 3.4 and 3.5, glucose conversion in [EMIM]Br is much faster in the 
presence of complex 7 (85% conversion in 1 h, Table 3.5, entries 4-6) than in the presence 
of 6 (55% conversion in 1 h, Table 3.4, entries 4-6). However, in [BMIM]Br, glucose 
conversion was similar. Complex 7 enhances HMF selectivity and yield in [EMIM]Br 
(57% and 48%, respectively) early on in the reaction, presumably due to high glucose 
conversion. With additional time, similar HMF selectivity is attained in [EMIM]Br by 
using both 6 and 7. In [BMIM]Br, both 6 and 7 furnishes similar HMF selectivity and yield. 
For example, HMF selectivity and yield reached 63% and 59-60%, respectively, when both 
6 and 7 were used in [BMIM]Br.  
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Table 3.5. Glucose dehydration with complexes 7 in different ionic liquids.a 
Entry Catalyst 
Ionic 
liquid (IL) 
 
Time 
(h) 
Glucose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield (%) 
 
1 7 [BMIM]Cl 1 69 52 31 
2   2 76 56 43 
3   4 91 46 42 
4 7 [EMIM]Br 1 85 57 48 
5   2 93 55 51 
6   4 97 56 55 
7 7 [BMIM]Br 1 64 60 39 
8   2 84 62 52 
9   4 94 63 59 
aReaction conditions: 9.1 wt% glucose with 5 mol% catalyst, 120 °C. 
 
Interestingly, HMF selectivity does not decrease with reaction time in ionic liquids 
containing Br– anion; it actually increases. This is in contrast to ionic liquids consisting of 
Cl– anions where HMF selectivity decrease over time. As discussed in chapter 2, glucose 
must first be isomerized to fructose, and fructose dehydration yields HMF. Ionic liquids 
with bromide anions are known to be efficient in fructose to HMF conversion. In this 
regard, the higher HMF selectivity and yield obtained from Br– containing ionic liquids is 
attributed to enhanced fructose dehydration resulting from the bromide anion being a better 
nucleophile and leaving group.58, 290 Additionally, the fact that HMF selectivity slightly 
increases in bromide containing ionic liquids indicates that HMF may be stabilized in these 
solvents, and that its loss to humins is not as fast as in the ionic liquids with a chlorine 
anion. 
 
 Fructose dehydration 
In order to gain better understanding of the factors that determine the HMF yield of 
LRAlMe2-catalyzed glucose dehydration, we investigated the dehydration of fructose in in 
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different ionic liquids at 100 and 120 °C, both in the absence and presence of aluminum 
catalysts. As shown in Table 3.6, fructose dehydration proceeded to high conversion in the 
absence of a catalyst in all of the ionic liquid solvents tested. It is important to note that 
other than fructose and HMF, there were no other soluble products detected. After 2 h at 
100 °C, HMF yield of 44% was obtained in [EMIM]Cl, with a higher yield (77%) achieved 
in [EMIM]Br (Table 3.6, entries 2 and 6). Quantitative conversion of fructose was achieved 
at 120 °C in [EMIM]Cl, furnishing 76% HMF yield in 2 h (Table 3.6 entry 4). This is 
consistent with Zhao et al. findings in which a reaction of 9.1 wt% fructose in [EMIM]Cl 
heated at 120 °C for 3 h in the absence of catalyst proceeded to completion and furnished 
HMF in 70% yield.178 Additionally, high yields of HMF have been obtained from fructose 
dehydration under non-aqueous conditions where HMF is stable.252-253 These results 
demonstrate that in ionic liquids, a catalyst in not necessary in fructose dehydration to HMF 
in ionic liquids.  
The data in Table 3.6 show that higher fructose conversion and HMF selectivity are 
achieved in [EMIM]Br and [BMIM]Br than in [EMIM]Cl. In [EMIM]Br, a HMF yield of 
87% at 97% fructose conversion was achieved at 120 °C in 2 h whereas in [BMIM]Br 91% 
HMF yield was obtained after 1 h, with the latter comparable to the yield reported by Li et 
al.247 in uncatalyzed fructose dehydration in [BMIM]Br. Clearly, the IL anion plays a 
critical role in converting fructose to HMF. The very high selectivity for HMF from 
fructose in ILs containing the bromide anion is consistent with previous literature reports 
in which higher HMF selectivity and yield were obtained in the presence of a bromide ion 
relative to a chloride ion.58, 202, 247, 290 In the proposed mechanism for glucose to HMF 
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conversion shown Chapter 4, the contribution of the ionic liquid in the fructose to HMF 
step is displayed.   
 
Table 3.6. Uncatalyzed fructose dehydration in different ionic liquids.a 
Entry 
Ionic 
liquid (IL) 
Temp 
(°C) 
Time 
(h) 
Fructose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield 
(%) 
1 [EMIM]Cl 100 1 41 17 7 
2   2 70 63 44 
3  120 1 89 67 60 
4   2 99 77 76 
5 [EMIM]Br 100 1 70 81 57 
6   2 90 86 77 
7  120 1 91 83 76 
8   2 97 89 87 
9 [BMIM]Br 120 1 99 92 91 
10   1.5 100 91 91 
aReaction conditions: 9.1 wt% fructose in 500 mg of ionic liquid. 
 
Surprisingly, LRAlMe2-catalyzed (5 mol %, complexes 2e, 6, and 7) fructose 
dehydration at 120 °C proceeded in all of the ionic liquid solvents with lower HMF 
selectivity than the corresponding uncatalyzed reaction (Table 3.7). Fructose conversion 
was very fast, nearing complete conversion within 1 h in all the screened ILs. However, in 
[EMIM]Br fructose conversion in the presence of complex 2e (entries 7-8) was slightly 
lower than in the other ILs. LRAlMe2-catalyzed (2e, 6, and 7) fructose dehydration 
reactions gave HMF selectivity and yields ranging from 60% to 75% at fructose conversion 
≥96% in [EMIM]Cl (Table 3.7, entries 1-6). A general trend observed for all the catalyzed 
reactions in [EMIM]Cl is that both HMF selectivity and yield decreases with reaction time, 
consistent with results obtained in glucose dehydration reactions.  
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In the presence of all of the complexes, fructose dehydration in [EMIM]Br and 
[BMIM]Br showed no appreciable difference in terms of product yield. However, higher 
HMF selectivity (74-76%, entries 17-18) was obtained in [BMIM]Br when 7 is used. 
Compared to reactions in [EMIM]Cl, HMF selectivity and yield obtained from reactions 
in [EMIM]Br and [BMIM]Br either increased or remained essentially the same when the 
reaction time is increased. In addition to the bromide ion being a good nucleophile and 
leaving group, increased HMF selectivity and yield with reaction time in ILs containing 
the bromide ion may be attributed to stabilization of HMF in these solvents.  
As shown in Table 3.7 (entry 17-18) the highest HMF yield of 76% at 100% fructose 
conversion was obtained after 1.5 h using 7 in [BMIM]Br. In this case fructose conversion 
is very fast such that the reaction is essentially complete in 1 h (99% fructose conversion). 
Since almost all fructose is consumed in [BMM]Br within the first 1 h, dehydration 
reactions were conducted at shorter reaction times in the presence and absence of complex 
7 (5 mol %) in the same solvent. Figure 3.3 shows the product profiles at shorter time for 
fructose at 120 °C in [BMIM]Br. In uncatalyzed reactions, fructose conversion of 97% and 
a corresponding HMF yield of 92% is attained in 20 min. Notably, HMF yield essentially 
remained the same after heating the reaction mixture for an additional 70 min. This shows 
that HMF is stable in [BMIM]Br and that decomposition to humins is very minimal. In the 
presence of complex 7 fructose conversion was relatively similar to uncatalyzed reactions, 
reaching 92% in 20 min with HMF yield of 61%. Even though the HMF yield was lower 
than uncatalyzed system, it was observed that in [BMIM]Br, HMF selectivity and yield 
increased with time.   
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Table 3.7. Fructose dehydration with [LRAlMe2] complexes in different ionic liquids.
a 
Entry 
Ionic 
liquid (IL) 
Catalyst 
Time 
(h) 
Fructose 
Conversion 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield 
(%) 
1 [EMIM]Cl 2e 1 100 75 75 
2  2e 2 100 62 62 
3  6 1 96 65 63 
4  6 2 99 61 60 
5  7 1 98 63 62 
6  7 2 99 60 60 
7 [EMIM]Br 2e 1 85 61 51 
8  2e 2 93 63 58 
9  6 1 95 57 54 
10  6 2 100 59 59 
11  7 1 100 59 59 
12  7 2 100 57 57 
13 [BMIM]Br 2e 1 90 58 52 
14  2e 2 95 60 57 
15  6 1 90 60 57 
16  6 2 100 59 59 
17  7 1 99 74 73 
18  7 1.5 100 76 76 
aReaction conditions: 9.1 wt% fructose with 5 mol% [LRAlMe2] catalyst, 120 °C. 
 
HMF selectivity (Tables 3.6 and 3.7) indicate that in the presence of LRAlMe2 
complexes, humin-forming pathways are enhanced. Humin formation is usually thought to 
occur from sugar polymerization reactions, co-polymerization of fructose and HMF, or 
aldol addition and condensation of HMF with reactive intermediates. Evidently, LRAlMe2-
catalyzed fructose dehydration proceeds with increased humins formation compared to the 
uncatalyzed reactions, given that no other soluble products were detected by HPLC 
analysis of the supernatants obtained after aqueous extraction of any of the dark brown 
reaction mixtures, and that similarly high conversion (≥99% at 120 °C, 1 h) was achieved 
for both aluminum complexes-catalyzed and uncatalyzed fructose dehydration. Therefore, 
the HMF yields obtained in these reactions are dependent on the rate of fructose-to-HMF 
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reactions, fructose conversion to decomposition products, and the rate of HMF-to-humin 
reactions.   
 
 
 
Figure 3.3. Conversion of fructose as a function of time with and without complex 7 in 
[BMIM]Br. Closed data points = uncatalyzed reactions. Open data points = catalyzed 
reactions. Reaction conditions: fructose = 9.1 wt %, 5 mol % of 7, 120 °C. 
 
As previously discussed, Lewis acid catalyzed glucose dehydration proceeds via 
isomerization of glucose to fructose followed by fructose dehydration to yield HMF 
(Chapter 2 Scheme 2.4). In this regard, we found that the rate of fructose conversion is 
much faster than the rate of glucose conversion, as evident from plots of conversion versus 
time during fructose and glucose dehydration using LPhAlMe2 (complex 2e) catalyst under 
identical conditions shown in Figure 3.4. Thus, the rate determining step of LRAlMe2-
catalyzed glucose dehydration is glucose isomerization while the HMF yield is determined 
by HMF selectivity of the fructose dehydration step. Therefore, the final HMF yield 
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achieved from glucose dehydration is determined by how selectively fructose is dehydrated 
to HMF, and the stability of HMF in the ionic liquid medium.  
 
 
Figure 3.4. Conversion versus time during dehydration of fructose and glucose in 
[EMIM]Cl with LPhAlMe2, 2e (5 mol%) as catalyst at 120 °C. 
 
In summary, fructose dehydration studies using LRAlMe2 complexes have revealed that 
the plateauing of HMF selectivity in the 50-60% range for glucose dehydration reactions 
(as discussed in Chapter 2) results from the relatively different rates of glucose and fructose 
conversion. And as previously mentioned glucose conversion to HMF involve two steps: 
(i) isomerization of glucose to fructose and (ii) dehydration of fructose to HMF. We have 
shown that isomerization of glucose to fructose is much slower than dehydration of fructose 
to HMF. Any fructose that is formed from glucose isomerization is quickly converted to 
HMF or decomposition products such as humins. Therefore, the final yield of HMF will 
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be determined by the HMF selectivity of the fructose dehydration step. The stability of 
HMF in different ionic liquids is also important in enhancing selectivity.    
 
 Glucose and fructose dehydration using LPhAlCl2 and AlCl3 
3.3.4.1. Effect of donor ligands and AlCl3 
We have demonstrated that aluminum complexes bearing (aminomethyl)phenolate 
ligands (LRAlMe2) can be tuned to generate efficient catalysts for glucose dehydration 
through a systematic modification of substituents on the amino group and the phenoxide 
ring. In all the complexes studied so far, the aluminum metal consisted of two electron-
donating methyl groups as donor/spectator ligands (in addition to the bidentate 
(aminomethyl)phenolate ligand). With these dimethyl spectator ligands, the electron 
density around the metal center is increased, impacting its Lewis acidity.  
Substitution of the two methyls with electron-withdrawing ligands (e.g. chlorides) will 
certainly increase the Lewis acidity of the aluminum metal center, which in turn could have 
a substantial effect on the catalytic activity of the resulting LRAlCl2 complex. Moreover, 
the reactive intermediates generated during glucose dehydration in the presence of LRAlCl2 
versus LRAlMe2 will be different by virtue of the structural differences of the two 
complexes. We also know that for LRAlMe2 complexes instantaneous loss of methane is 
observed when the complex is reacted with sugars but this is not possible in the dichloride 
aluminum complex (LRAlCl2). For the L
RAlCl2 complex, HCl may be formed when the 
complex is reacted with glucose. HCl would be present in the reaction mixture and may 
influence the product yields.  
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To investigate the effects of the electron-withdrawing chlorides on the catalytic activity 
of aluminum complexes, we synthesized the dichloride aluminum complex (LPhAlCl2, 
complex 8, shown below) and tested it in glucose- and fructose-to-HMF conversion. 
Dehydration of sugars using AlCl3 as the catalyst is also investigated and compared with 
LPhAlCl2. 
 
 
 
Figure 3.5 shows the effects of temperature and time on glucose dehydration in 
[EMIM]Cl using 5 mol % of the dichloride complex (8, LPhAlCl2) as the catalyst. The 
reaction was investigated at 100 and 120 °C. It is important to note that in uncatalyzed 
glucose dehydration reaction at 120 °C only 6% of glucose was converted after 4 h and no 
HMF was detected (see Table 2.4 in Chapter 2). It can be seen from Figure 3.5 that glucose 
conversion is highly accelerated in the presence of 8. At 100 °C, 61% glucose is converted 
after 0.5 h, increasing to 95% glucose conversion after 4 h. As expected, glucose 
consumption was faster at higher temperatures. For example, glucose conversion of 84% 
was attained at 120 °C in 0.5 h. This is the fastest glucose conversion observed in our 
studies.  
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Figure 3.5. Results of glucose dehydration into HMF catalyzed by complex 8 in [EMIM]Cl 
at (a) 100 °C and (b) 120 °C. Reaction conditions: 9.1 wt% glucose, 5 mol% catalyst. 
 
While glucose conversion was very fast in the presence of 8 as the catalyst, HMF 
selectivity and yield were poor at both temperatures. At 100 °C, HMF selectivity was 
≤16% and at 120 °C ≤20% HMF selectivity was achieved. It should be noted that the 
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reaction intermediates resulting from the reaction of LPhAlCl2 complex (8) with glucose 
are expected to be different from those formed from LRAlMe2 complexes. We suggest the 
interaction of 8 with the hydroxyl oxygens in the glucose molecules may result in the 
formation of HCl from the donor Cl– ligands and the hydroxyl protons of the sugar. The 
reaction pathway will certainly be affected if indeed a Brønsted acid (HCl) is formed in 
LPhAlCl2–catalyzed glucose dehydration reactions. We think that the poor selectivity of 
complex 8 for HMF may be as a result of HCl formation which promotes loss of HMF to 
humins. For example, Brønsted acids are also known to promote decomposition of HMF 
to humins. HMF is known to undergo rehydration to levulinic and formic acids under acidic 
conditions. Furthermore, Abu-Omar and coworkers reported that addition of HCl in AlCl3-
catalyzed glucose conversion decreased the rate of glucose isomerization to fructose.201 In 
this study, it was presumed that addition of HCl increases the amount of Brønsted sites and 
also affected the equilibrium of aluminum hydroxo complexes responsible for 
isomerization of glucose to fructose.  
Alternatively, the very high glucose conversion early on in the reaction likely indicates 
that 8 is accelerating side reactions leading to loss of glucose to humins. This may be 
supported by the fact that no other soluble byproducts were detected by HPLC analysis of 
the aqueous reaction products. Decomposition of glucose is attributed to the observation 
of the reaction mixture turning dark due to the formation of insoluble humins. At the 
moment, the efficiency of the dichloride complex in catalyzing glucose isomerization to 
fructose could not be directly determined because no fructose was detected in the reaction 
products. However, its contribution may not be completely ignored since more HMF was 
obtained compared to non-catalyzed reactions.  
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It is mentioned above that the electron-withdrawing chloride donor ligands increases 
the Lewis acidity of the metal center in complex 8. However, the poor selectivity for HMF 
from glucose argues against using Lewis acidity as a determinant for efficient LRAlX2–
catalyzed glucose conversion (X = Me or Cl). A direct correlation of Lewis acidity and 
efficiency in glucose-to-HMF conversion will not be accurate because complex 8 (and the 
dimethyl aluminum complexes) is only a precatalyst precursor and the actual 
catalytic/active species has not been determined. In general, the dichloride complex is not 
an efficient catalyst for converting glucose to HMF. 
Due to the poor HMF selectivity exhibited by LPhAlCl2 (complex 8) in glucose 
dehydration, we were curious to study fructose dehydration to HMF in the presence of 8. 
This is because, in glucose dehydration catalyzed by complex 8, fructose was not detected 
in the reaction products, indicating that under the reaction conditions fructose (obtained 
from glucose isomerization) undergoes very fast transformation to HMF or to other 
byproducts. Thus, using fructose as the starting substrate would provide some insights on 
the rate of fructose transformation in LPhAlCl2 complex. Dehydration reactions were 
carried out at 120 °C in [EMIM]Cl using 5 mol % of 8, and the results are shown in Table 
3.8.  
At 120 °C, fructose conversion in [EMIM]Cl in the presence of 8 was very fast. In 0.5 
h, 100% of the fructose was consumed and HMF selectivity and yield of 77% was achieved 
(Table 3.8, entry 1). However, additional reaction time only led to HMF degradation, as 
shown by decreased HMF selectivity and yield (Table 3.8, entries 2-3). Interestingly, 
fructose dehydration in 8 afforded higher HMF selectivity and yield compared to that 
obtained from most of the LRAlMe2 complexes. In fact, under similar reaction conditions 
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(120 °C, 1 h) uncatalyzed fructose dehydration in [EMIM]Cl furnished HMF selectivity 
(67%, Table 3.6, entry 3) comparable to those obtained using 8 (69%, Table 3.8, entry 2), 
even though fructose conversion was lower in uncatalyzed reactions.  
 
Table 3.8. Glucose and fructose dehydration in [EMIM]Cl.a 
Entry 
 
substrate 
Catalyst 
Time 
(h) 
Conversionb 
(%) 
HMF 
Selectivity (%) 
HMF 
Yield (%) 
1 fructose 8 0.5 100 77 77 
2 fructose 8 1 100 69 69 
3 fructose 8 2 100 68 68 
4 fructose AlCl3 0.5 100 49 49 
5 fructose AlCl3 1 100 48 48 
6 fructose AlCl3 2 100 45 45 
7 glucose AlCl3 1 90 9 8 
8 glucose AlCl3 2 93 8 7 
9 glucose AlCl3 4 100 3 3 
aReaction conditions: 9.1 wt% of sugar, 5 mol % of LPhAlCl2, (8) or AlCl3 as catalysts, 120 
°C. bglucose or fructose conversion. 
 
These results indicate that efficient fructose dehydration to HMF occurs in the presence 
of LPhAlCl2 and that fructose conversion is very fast. As shown in Table 3.8 (entries 1-3), 
HMF yield does not drastically change with increased reaction time. This shows that HMF 
decomposition is not the main route for HMF loss. In fact, it appears that HMF is stabilized 
in the presence of 8. In glucose dehydration using 8, very poor HMF yield is observed. 
Combining the not-so-fast loss of HMF from fructose dehydration in the presence of 8 and 
the poor HMF yield achieved from glucose indicates that complex 8 is not effective in 
isomerizing glucose to fructose. Instead, competing side reaction leading to humin 
formation appear to be the main route for glucose loss in the presence of 8.  
AlCl3 has been used widely as a Lewis acid catalyst for dehydration of sugars to HMF. 
In this regard, we conducted glucose and fructose dehydration experiments in [EMIM]Cl 
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at 120 °C using AlCl3 as the catalyst and compared its catalytic activity with L
PhAlCl2. As 
shown in Table 3.8 (entries 4-6), at 100% fructose conversion, the HMF selectivity and 
yield was ≤49%, which is much lower than that obtained from LPhAlCl2-(and LRAlMe2,-, 
where R = aryl substituent on the amino group) catalyzed reactions. Moreover, fructose 
conversion in the presence of AlCl3 was very fast and is comparable to complex 8-
catalyzed fructose dehydration. Selectivity for HMF was very poor in AlCl3–catalyzed 
glucose dehydration reactions. Table 3.8 (entries 7–9) shows that HMF selectivity of <10% 
was achieved at glucose conversion ≥90%, which is consistent with Zhao’s report on 
glucose dehydration in [EMIM]Cl using AlCl3 as the catalyst.
178 
High glucose conversion coupled with poor HMF selectivity suggests that glucose 
decomposition reactions are very fast in the presence of AlCl3. Alternatively, it is also 
possible that any HMF formed is quickly decomposed to humins in the presence of AlCl3. 
In [EMIM]Cl, formation of [EMIM]+[AlCl4]
–, an ionic liquid, in the presence of AlCl3 is 
very likely. Riisager and coworkers have reported the instability of HMF in this ionic liquid 
species171, which is consistent with poor HMF selectivity from both glucose and fructose. 
For dehydration reactions employing AlCl3 as the catalyst, the reaction mixture turned 
black within the first 20 minutes after heating, and after workup substantial insoluble solids 
were obtained. This indicates that decomposition of glucose and/or HMF is highly 
accelerated by AlCl3 leading to the formation of humins.   
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 Humins analysis 
3.3.5.1. Introduction 
Sugar dehydration is routinely accompanied by formation of humins, which studies 
have indicated may be formed by condensation reactions between sugars, HMF, and 
intermediates formed during dehydration of sugars.91, 251-252, 278 In this regard, Lund et al.253-
254 have proposed a mechanism for humin formation in which 2,5-dioxo-6-hydroxyhexanal 
(DHH), formed by HMF rehydration, is a key intermediate (Scheme 2.5). Humins were 
proposed to be formed via subsequent aldol condensation of DHH with the carbonyl group 
of HMF, with the extent of HMF incorporation in the humin structure being dependent on 
the accumulation of HMF during the reaction. Furthermore, it was suggested that humins 
could not be directly formed from sugars.  
Zandvoort et al.250 have similarly suggested that humins are mainly derived from HMF 
based on their finding that addition of HMF to the glucose feed barely changed the 
elemental composition of the humins obtained from acid-catalyzed dehydration of glucose. 
HPLC analysis of the product mixtures from glucose and fructose dehydration catalyzed 
with aluminum (aminomethyl)phenolate complexes 2a-g detected HMF as well as glucose 
and/or fructose as the only products. Thus, formation of humins rather than HMF 
rehydration to form levulinic acid (LA) and formic acid (FA) appears to be the main route 
for HMF loss in these reactions (Scheme 2.5). 
In this context, we investigated the nature of the insoluble brown solids produced 
during LPhAlMe2 (2e)-catalyzed dehydration of glucose (for 4 hours) and fructose (for 2 
hours) in [EMIM]Cl at 120 °C. The brown solids were isolated following aqueous workup 
of the reaction mixtures by decanting the supernatant produced after centrifugation. The 
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solids were then washed (Scheme 3.4) with copious amounts of ethyl acetate to remove 
[EMIM]Cl and residual HMF. Next, the solids were washed with a large excess of acetone 
to remove any proligand residue. The solids were then washed with a large excess of water, 
collected by filtration and dried at 45 °C for 48 hours in a vacuum oven.  
 
 
Scheme 3.4. Preparation of and purification of humins from glucose and fructose 
dehydration.  
 
3.3.5.2. Characterization of humins by FT-IR and Raman spectroscopy 
The brown-colored solid humins were characterized by Raman spectroscopy and 
attenuated total reflectance Fourier transform infrared (ATR-FTIR). The Raman spectra 
for humins samples obtained from glucose and fructose dehydration is shown in Figure 
3.6. In the 1000–1900 cm-1 range, the signals consist of two broad overlapping bands at 
around 1344 cm-1 and 1583 cm-1 typical of carbonized materials. The band at 1344cm-1, 
also known as the D band, results from ring-breathing vibrations of condensed benzene-
like rings of amorphous carbonaceous solids. This band is also attributed to graphitic lattice 
vibrations resulting from in-plane imperfections such as defects and presence of 
heteroatoms. The band at 1583 cm-1, also referred to as the G band, is attributed to in-plane 
stretching modes of sp2 C–C in aromatic molecules.248, 291-292 The Raman spectral data is 
suggestive of the presence of aromatic groups with oxygen-rich functionalities.  
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Figure 3.6. Raman spectra of humins obtained from glucose and fructose dehydration 
samples. 
 
Figure 3.7 compares ATR-FTIR spectra of the humins obtained from glucose and 
fructose dehydration, with the IR spectrum of HMF. The figure shows that both humins 
display similar broad absorbance peaks in ca. 1100-1400 cm-1 range, and show peaks that 
arise from the furan ring of HMF.248-249, 293 Specifically, the peaks in the 1578 to 1508 cm–
1 range are assigned to C=C vibrations associated with substituted furan rings and the sharp 
signal at 1020 cm–1 is attributed to a C–O bond stretch or furan deformation.250, 253-254 The 
signals in the 620–850 cm–1 range are assigned to C–H out-of-plane deformations of 
substituted furans or the hydroxymethyl group of HMF. The results from both FTIR and 
Raman spectroscopy data strongly support significant incorporation of HMF into the 
humin structure, an indication that aldol addition and condensation reactions of HMF with 
intermediates formed through rehydration of HMF were involved in the formation humins.     
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Figure 3.7. IR spectra of (a) HMF and humins formed during LPhAlMe2 (2e)-catalyzed 
dehydration in [EMIM]Cl at 120 °C of (b) glucose for 4 hours, and (c) fructose for 2 hours. 
 
3.4. Conclusion 
Efficient catalysts for the dehydration of glucose and fructose into HMF in ionic liquids 
were obtained from variation of substituents on the phenoxy moiety of LPhAlMe2 
complexes. Substitution of tert-butyl and methyl substituents on the ortho and para 
positions, respectively, of the (aminomethyl)phenolate ligand with bulky cumyl 
substituents gave the precatalyst complex 7 that achieved HMF selectivity and yield of 
74% and 58%, respectively, from glucose dehydration in [EMIM]Cl after 2 h at 120 °C, 
which was much higher than that obtained from complex 2e with less bulky substituents 
on the phenoxide moiety. Relative to complex 7, lower HMF selectivity and yield (55% 
and 44%, respectively) were achieved from glucose dehydration using complex 6 in 
[EMIM]Cl. Comparable glucose conversion was achieved from both 6 and 7 in all the ionic 
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liquids tested. However, higher HMF selectivity and yield was obtained from ionic liquids 
containing bromide anions. Glucose dehydration in [BMIM]Br for 4 h gave an HMF yield 
of 60% in the presence of 6 and 7, whereas yields of 52% (using 6) and 55% (using 7) were 
achieved in [EMIM]Br. The LPhAlCl2 complex (8) exhibited poor selectivity for HMF 
albeit fast rates of glucose degradation. However, it was found that in the presence of 8, 
fructose dehydration afforded similar HMF selectivity as for uncatalyzed reactions, and 
that HMF loss was minimal. This shows that complex 8 is not effective in isomerization of 
glucose to fructose, but it efficiently converts fructose to HMF. Compared to 8, AlCl3 was 
not effective in converting both glucose and fructose to HMF, presumably due instability 
of HMF in the presence of AlCl3. AlCl3 appeared to promote accelerated decomposition of 
reaction products to humins.  
  A study of fructose dehydration in ionic liquids showed that HMF selectivity was 
higher in the absence of LPhAlMe2 complexes compared to catalyzed reactions. In 
uncatalyzed reactions, such as in [BMIM]Br, 92% HMF selectivity at 99% fructose 
conversion was obtained in 1 h but LPhAlMe2–catalyzed reaction afforded HMF selectivity 
of only 74% at similar fructose conversion. The presence of the catalyst appeared to 
enhance HMF decomposition. A huge difference between glucose and fructose conversion 
was observed, with fructose conversion being relatively high. The slow step of glucose 
conversion catalyzed by LPhAlMe2 complexes is isomerization of glucose to fructose, while 
HMF selectivity and yield are determined by HMF selectivity of the fructose dehydration 
step. Therefore, the very fast fructose dehydration must be selective to HMF in order to 
achieve better HMF yield from glucose dehydration. The humins obtained from 
dehydration reactions were characterized by FTIR and Raman spectroscopy and were 
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found to incorporate HMF structures, an indication that aldol addition and condensation 
reactions of HMF with intermediates formed through rehydration of HMF were involved 
in the formation humins.     
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 Catalytic activity: toward understanding the structural differences of 
aluminum complexes for glucose dehydration in ionic liquids 
 
4.1. Introduction 
In Chapter 2 and 3, we demonstrated that LRAlMe2 complexes bearing bidentate 
(aminomethyl)phenolate ligands can convert glucose and fructose to HMF. Specifically, 
when LRAlMe2 complexes consisting of aryl substituents on the amino group were used to 
convert glucose in ionic liquids, HMF yield of up to 60% was obtained. For all the studied 
LRAlMe2 complexes with aryl substituents on the amino group, HMF selectivity was found 
to be similar with minimal variation depending on (1) whether the aryl substituent (bound 
to the amino group) contained electron donating [N(CH2Ph)(p-MeC6H4), 2g] or electron 
withdrawing [N(CH2Ph)(p-ClC6H4), 2f] groups and (2) the size of the substituents on the 
phenoxy moiety of the (aminomethyl)phenolate ligand. On the other hand, LRAlMe2 
complexes consisting of alkyl substituents on the amino substituents were ineffective in 
converting glucose to HMF (Figure 4.1). For example, under similar reaction conditions (5 
mol % LRAlMe2 loading, 4h, 120 °C) an HMF yield of 7% and 46% was obtained when 
2a (LMeAlMe2, with alkyl substituents on the amino group) and 2e (L
PhAlMe2, with aryl 
substituents on the amino group), respectively, were used as precatalysts in glucose 
dehydration in [EMIM]Cl. Clearly, the substituents on the amino group of the ancillary 
ligand plays a key role in the catalytic activity of the aluminum (aminomethyl)phenolate 
complexes on glucose dehydration to HMF.  
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Figure 4.1. LRAlMe2 complexes showing different substituents on the amino group. 
 
In this chapter an in-depth investigation of the reactivity of the LRAlMe2 complexes is 
conducted to get insights into their differences in glucose dehydration reactions. In this 
regard, two LRAlMe2 complexes were selected for this study, one representing the 
LRAlMe2 with alkyl substituents on the amino group and the other containing aryl 
substituents. Thus, complexes 2a (LMeAlMe2) and 2e (L
PhAlMe2) were chosen for this 
study. The only difference between 2a and 2e is the substituents on the amino group, with 
2a containing a methyl substituent and 2e, a phenyl substituent. It should be noted that the 
LRAlMe2 complexes are not the actual reactive catalytic species doing the sugar 
dehydration chemistry. This is because in LRAlMe2-catalyzed glucose dehydration 
experiments in ionic liquids, we observed that evolution of methane gas occurred when the 
reaction mixture (consisting of glucose, LRAlMe2 complex, and an ionic liquid) was heated 
at ≥80 °C. Evolution of methane gas indicates that the Al–C bonds in LRAlMe2 complexes 
are broken which in turn shows that new reactive intermediates are formed. We know that 
methane gas is formed since aluminum alkyls are well know to react rapidly with protic 
reagents such as water, alcohols and polyalcohols (such as glucose and fructose), acids, 
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and primary and secondary amines, with concomitant elimination of alkanes and 
coordination of the conjugate base of the protic reagent.294-296   
 In glucose conversion reactions, the LRAlMe2 complexes (where R represents an aryl 
substituent on the amino group of the (aminomethyl)phenolate ligand) must bind with the 
glucose molecules to facilitate isomerization of glucose to fructose. The fructose obtained 
further undergoes dehydration, with the aid of the ionic liquid (IL), to form HMF. In the 
presence of the IL solvent, the possibility of the Lewis acidic aluminum precatalyst forming 
complexes with the solvent cannot be ignored. We know that the catalytic efficiency of 2a 
and 2e in converting glucose to HMF is due to their different stereochemical properties 
(LMeAlMe2, 2a versus L
PhAlMe2, 2e) and the possible catalytic intermediates or catalytic 
species generated by the complexes in glucose dehydration reactions. Consequently, we 
conducted an investigation to find out the reasons why the aluminum complexes display 
differences in their efficacy in glucose-to-HMF transformation. This was done by reacting 
2a and 2e with [EMIM]Cl and glucose-like molecules. The products obtained from these 
reactions are expected to display different structural properties which in turn can be 
correlated to their catalytic activity. This study could also provide important information 
about the binding affinities of the aluminum precatalysts with ionic liquids and glucose-
like molecules.  
While the use of (aminomethyl)phenolate aluminum complexes in carbohydrate 
dehydration chemistry has not been reported before, application of phenoxy-imine 
aluminum complexes in polymerization reactions have been extensively studied.279, 281, 297 
Notable studies were conducted by Nomura et al.268, 274, 296-297 where they showed that there 
was a notable effect on substituents, both on the imino group and the phenoxy ring, on the 
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catalytic activity of the catalyst precursors. The presence of alkyl substituents on the imino 
group afforded less active complexes whereas aryl substituents were effective in the 
polymerization of olefins and ε-caprolactone. In these studies, it was also observed that 
bulky substituents at the ortho position of the phenoxide ring afforded phenoxy-imine 
aluminum complexes exhibiting high catalytic activity in polymerization of lactones. 
Bulky substituents were necessary in order to afford stable and monomeric aluminum 
catalyst precursors, which would not be obtained when less sterically encumbered 
substituents are used.  
 
4.2. Experimental section 
 General considerations 
All experiments and manipulations described below were performed in a glovebox 
under nitrogen atmosphere, using rigorous glovebox and Schlenk techniques at ambient 
temperature unless noted otherwise. Prior to use, all solvents were dried and distilled by 
standard methods266 and stored in a glovebox over 4Å molecular sieves that had been dried 
in a vacuum oven at 150 °C for at least 48 h. 1-Ethyl-3-methylimidazolium chloride 
([EMIM]Cl, 97%) was purchased from Acros Organics and purified by modification of 
literature methods.267 Unless otherwise stated, all other reagents were purchased from 
Sigma-Aldrich Chemical Co. and used as received.  3,5-di-tert-butylcatechol (98%), were 
dried in a vacuum oven (35 °C, 30 in. Hg) for 48 h before use. The aluminum complexes 
2a and 2e were prepared as previously described in chapter 2 and used without further 
modification. 
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Solution NMR experiments (1H, 13C, and 27Al NMR) were conducted using a Varian 
VXR-400 spectrometer (1H = 400 MHz, 13C = 100 MHz, and 27Al = 104 MHz) at room 
temperature unless otherwise stated and the spectra were analyzed using VnmrJ software 
(v4.2, Agilent). Chemical shifts are reported in units of δ (downfield from 
tetramethylsilane) and 1H and 13C chemical shifts were referenced to residual solvent 
peaks. 27Al NMR chemical shifts were referenced to 0.1 M Al(NO3)3 in deuterium oxide 
(D2O) taken inside capillary tube.  
 
 Synthesis of aluminum ionic liquid complexes 
4.2.2.1. Reaction of LMeAlMe2 (2a) with 1 equivalent of [EMIM]Cl 
Aluminum complex LMeAlMe2, 2a, (20.0 mg, 0.06 mmol) and [EMIM]Cl (8.3 mg, 0.06 
mmol) were charged into a 15 mL reaction tube. To this mixture, 2.0 mL of dry 
dichloromethane was added. The resulting solution was stirred at either room temperature 
or at 120 °C for 5 to 30 minutes. The volatiles were removed under reduced pressure. A 
white powder was obtained. Yield: 25.3 mg (84.3 %). 1H NMR (CDCl3, 400 MHz): δ 10.81 
(s, 1H, NCHN), 7.50–7.43 (m, 2H, CH3NCHCHN), 7.41–7.22 (m, 5H, ArH), 7.00 (d, 1H, 
4J = 2.0 Hz, ArH), 6.53 (d, 1H, 4J = 2.0 Hz, ArH), 4.38 (q, 2H, 3J = 7.6 Hz, NCH2CH3), 
4.08 (s, 3H, NCH3), 3.93 (d, 
2J = 13.6 Hz, 1H, ArCH2), 3.89 (d, 
2J = 13.6 Hz, 1H, ArCH2), 
3.85 (d, 2J = 13.2 Hz, 1H, ArCH2), 3.52 (d, 
2J = 13.2 Hz, 1H, ArCH2), 2.20 (s, 3H, NCH3), 
2.18 (s, 3H, ArCH3), 1.57 (3H, t, 
3J = 7.2 Hz, NCH2CH3), 1.35 (s, 9H, C(CH3)3), –0.66 (s, 
3H, AlCH3), –0.91 (s, 3H, AlCH3). 
13C NMR (CDCl3, 100 MHz): δ 156.6, 138.8, 138.3, 
132.4, 129.8, 129.3, 128.7, 128.5, 128.2, 125.1, 123.5, 121.7, 120.3 (all Ar–C), 59.4 
(ArCH2), 59.0 (PhCH2), 45.4 (NCH2CH3), 36.7 (NCH3), 40.2 (((–CH2)2)NCH3), 35.0 
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(C(CH3)3), 29.6 (C(CH3)3), 20.9 (ArCH3), 15.8 (NCH2CH3), –10.4 (AlCH3), –11.1 
(AlCH3). 
27Al NMR (10 mM Al(NO3)3, 104 MHz): δ 55 Anal. Calcd. for C28H46lClN3O 
(%): C, 67.25; H, 8.67; N, 8.40. Found: C, 68.03; H, 8.62; N, 8.40. 
 
4.2.2.2. Reaction of LMeAlMe2 (2a) with 2 equivalents of [EMIM]Cl 
Aluminum complex LMeAlMe2, 2a, (35.0 mg, 0.1 mmol) and [EMIM]Cl (29.0 mg, 0.2 
mmol) were charged into a 15 mL reaction tube. To this mixture, 4.0 mL of dry 
dichloromethane was added. The resulting solution was stirred at either room temperature 
or at 120 °C for 5 to 30 minutes. After the reaction, the volatiles were removed under 
reduced pressure to obtain a white powder. Yield: 57.0 mg (87.8 %). 1H NMR (CDCl3, 400 
MHz): δ 10.85 (s, 2H, NCHN), 7.46–7.33 (m, 5H, ArH), 7.31–7.22 (m, 2H, 
CH3NCHCHN), 7.00 (d, 1H, 
4J = 2.0 H, ArH), 6.53 (d, 1H, 4J = 2.4 H, ArH), 4.38 (q, 2H, 
3J = 7.2 Hz, NCH2CH3), 4.08 (s, 3H, NCH3), 3.94 (d, 
2J = 13.6 Hz, 1H, ArCH2), 3.89 (d, 
2J = 13.6 Hz, 1H, ArCH2), 3.85 (d, 
2J = 13.2 Hz, 1H, ArCH2), 3.52 (d, 
2J = 13.2 Hz, 1H, 
ArCH2), 2.21 (s, 3H, NCH3), 2.18 (s, 3H, ArCH3), 1.57 (3H, t, 
3J = 7.6 Hz, NCH2CH3), 
1.35 (s, 9H, C(CH3)3), –0.66 (s, 3H, AlCH3), –0.91 (s, 3H, AlCH3). 
13C NMR (CDCl3, 100 
MHz): δ 156.6, 138.8, 138.3, 132.4, 129.8, 129.3, 128.7, 128.5, 128.2, 125.1, 123.5, 121.7, 
120.4 (all Ar–C), 59.4 (ArCH2), 58.9 (PhCH2), 45.4 (NCH2CH3), 40.2 (((–CH2)2)NCH3), 
36.7 (NCH3), 34.9 (C(CH3)3), 29.6 (C(CH3)3), 20.9 (ArCH3), 15.8 (NCH2CH3), –10.3 
(AlCH3), –11.0 (AlCH3). 
27Al NMR (10 mM Al(NO3)3, 104 MHz): δ 55 (broad peak) Anal. 
Calcd. for C34H57lCl2N5O (%): C, 63.14; H, 8.42; N, 10.83. Found: C, 61.98; H, 8.22; N, 
10.71. 
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4.2.2.3. Reaction of LPhAlMe2 (2e) with 1 equivalent of [EMIM]Cl 
This complex was synthesized following the procedure for compound in subsection 
4.2.2.1. By using 2e, (25.0 mg, 0.06 mmol) and [EMIM]Cl (8.8 mg, 0.06 mmol) a light-
yellow solid was obtained. Yield: 29.1 mg (86.2 %). 1H NMR (CDCl3, 400 MHz): δ 10.03 
(s, 1H, NCHN), 7.38–6.76 (m, 14H, ArH), 6.61 (s, 1H, ArH), 4.46 (broad singlet with 
shoulder, 4H, ArCH2), 4.18 (q, 2H, 
3J = 7.2 Hz, NCH2CH3), 3.86 (s, 3H, NCH3), 2.22 (s, 
3H, ArCH3), 1.47 (3H, t, 
3J = 7.6 Hz, NCH2CH3), 1.41 (s, 9H, C(CH3)3), –0.84 (broad 
singlet, 6H, AlCH3). 
13C H NMR (CDCl3, 100 MHz): δ 156.2, 139.5, 138.8, 138.6, 136.8, 
129.4, 128.9, 128.5, 128.4, 127.5, 126.7, 126.6, 124.8, 123.6, 123.6, 121.7, 121.7 (all Ar–
C), 55.8 (ArCH2), 53.7 (PhCH2), 45.4 (NCH2CH3), 36.5 (NCH3), 34.9 (C(CH3)3), 30.1 
(C(CH3)3), 21.3 (ArCH3), 15.6 (NCH2CH3), –6.8 (AlCH3). 
27Al NMR (10 mM Al(NO3)3, 
104 MHz): δ 68 (broad peak) Anal. Calcd. for C33H48lClN3O (%): C, 70.51; H, 8.07; N, 
7.47. Found: C, 69.89; H, 8.00; N, 6.99.  
 
4.2.2.4. Reaction of LPhAlMe2 (2e) with 2 equivalents of [EMIM]Cl 
This complex was synthesized following the procedure for compound in sub-section 
4.2.2.2. By using 2e, (30.0 mg, 0.08 mmol) and [EMIM]Cl (23.3 mg, 0.16 mmol) a light-
yellow solid was obtained. Yield: 48.0 mg (84.7 %). 1H NMR (CDCl3, 400 MHz): δ 10.05 
(s, 2H, NCHN), 7.23–7.02 (m, 11H, ArH), 6.77–6.59 (m, 4H, ArH), 4.68 (s, 2H, ArCH2), 
4.51 (s, 2H, ArCH2), 4.18 (q, 
2J = 7.2 Hz, 4H, NCH2CH3), 3.86 (s, 6H, NCH3), 2.15 (s, 3H, 
ArCH3), 1.45 (t, 
2J = 7.2 Hz, 6H, NCH2CH3), 1.38 (s, 9H, C(CH3)3), –0.84 (s, 6H, AlCH3). 
13C H NMR (CDCl3, 100 MHz): δ 155.1, 149.6, 139.6, 138.8, 137.6, 129.3, 128.9, 128.5, 
128.5, 127.2, 126.6, 124.7, 124.6, 123.5, 121.6, 115.2, 112.2 (all Ar–C), 55.7 (PhCH2), 
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53.8 (ArCH2), 45.4 (NCH2CH3), 36.7 (NCH3), 34.9 (C(CH3)3), 30.1 (C(CH3)3), 21.3 
(ArCH3), 15.7 (NCH2CH3), –6.6 (AlCH3). 
27Al NMR (10 mM Al(NO3)3, 104 MHz): δ 68 
(broad peak) Anal. Calcd. for C39H56AlCl2N5O (%): C, 66.09; H, 7.96; N, 9.88. Found: C, 
65.63; H, 8.35; N, 8.09.  
 
 Synthesis of aluminum-catecholate complexes 
4.2.3.1. Reaction of 2a with 3,5-di-tert-butylcatechol in [EMIM]Cl 
(a) Reaction of LMeAlMe2 (2a) with 3,5-di-tert-butylcatechol (1:3): A specified amount 
of 3,5-di-tert-butylcatechol (3,5-DTBC) was dissolved in dry dichloromethane and 
stirred for 5 minutes at room temperature. The 3,5-DTBC solution was added 
dropwise to a solution of 2a (1/3 molar equivalence, with respect to 3,5-DTBC) in 
dry dichloromethane. Instantaneous evolution of methane gas was observed. The 
mixture was stirred for 30 minutes at room temperature (or at 120 °C). The solvent 
was removed under reduced pressure to obtain a light tan powder.   
 
(b) Reaction of LMeAlMe2, [EMIM]Cl and 3,5-di-tert-butylcatechol (1:3:3): The 
complex was synthesized following the procedure described in 4.2.2.1, except that 
the molar ratio of 2a to [EMIM]Cl was 1:3. A specified amount of 2a (1 molar 
equivalent) and [EMIM]Cl (3 molar equivalents) were charged into a 15 mL 
reaction tube. The mixture was dissolved in dry dichloromethane and the resulting 
solution was stirred at room temperature for 5 minutes.  3,5-DTBC (3 molar 
equivalence) dissolved in dry dichloromethane was added dropwise to the solution 
containing the LMeAlMe2-[EMIM]Cl mixture. The mixture was stirred for 30 
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minutes at room temperature (or at 120 °C). After allowing the reaction mixture to 
cool down to room temperature the solvent was removed under reduced pressure to 
obtain a light tan powder.  
 
 
4.2.3.2. Reaction of 2e with 3,5-di-tert-butylcatechol in [EMIM]Cl 
(a) Reaction of LPhAlMe2 (2e) with 3,5-di-tert-butylcatechol (1:3): This complex was 
synthesized following the procedure described in 4.2.3.1.(a). From 1 molar 
equivalent of 2e and 3 molar equivalents of 3,5-DTBC a light tan powder was 
obtained.  
 
(b) Reaction of LPhAlMe2, [EMIM]Cl, and 3,5-di-tert-butylcatechol (1:3:3): The 
complex was synthesized following the procedure described in 4.2.3.1.(b). From 1 
molar equivalent of 2e, 3 molar equivalents of [EMIM]Cl, and 3 molar equivalents 
of 3,5-DTBC a light tan powder was obtained. 
 
 Glucose conversion in the presence of 3,5-di-tert-butycatechol 
Glucose dehydration reactions were performed in a 5-mL reaction vial sealed with a 
solid cap with PTFE faced silicone septum. In a typical experiment, D–(+)–glucose (50 
mg, 0.28 mmol), [EMIM]Cl (500 mg, 3.41 mmol), 5 mol % (with respect to glucose) of 
aluminum precatalyst (LPhAlMe2, 2e), and 3,5-di-tert-butylcatechol (3 molar equivalents 
with respect to 2e) were charged into the reaction vial along with a magnetic stir bar under 
nitrogen atmosphere. The mixture was placed in a preheated oil bath at 120 °C and let stir 
for a specified period of time. The reaction was quenched by immediately placing the vial 
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in an ice bath. The mixture was diluted with 3 mL of deionized water, let stir for 5 minutes 
and centrifuged for 1 h. Subsequently, the supernatant was collected (via decantation to 
exclude insoluble solids) and analyzed by HPLC. 
 
4.3. Results and Discussion 
 Synthesis of [LRAlMe2Cl]–[EMIM]+ complexes 
We previously showed that aluminum dimethyl complexes bearing 
(aminomethyl)phenolate ligands (LRAlMe2, where R is either an alkyl, aryl, or substituted 
aryl) can convert glucose and fructose to HMF at moderate temperatures. HMF was 
obtained in moderate to high yields when complexes consisting of an aryl substituent on 
the amino group were used. However, complexes containing an alkyl substituent on the 
amino moiety of the ligand were inefficient in converting glucose into HMF. For example, 
when complexes 2a (LMeAlMe2) and 2e (L
PhAlMe2) were used as precatalysts for glucose 
dehydration in [EMIM]Cl at 120 °C, HMF yields of 7% and 46% at glucose conversion of 
48% and 88%, respectively, were obtained after 4 h. (see Figure 2.4). Clearly, the presence 
of an aryl substituent on the amino group in complex 2e facilitated high selectivity for 
HMF from glucose dehydration, achieving HMF yield higher than that obtained when 2a 
was used as the catalyst. 
LRAlMe2 complexes 2a and 2e were selected and used in reactions with [EMIM]Cl and 
with catechol in [EMIM]Cl to study the structural properties of the products generated and 
how these properties inform the differences observed in catalytic efficiency of glucose 
conversion to HMF. 3,5-Di-tert-butylcatechol, a 1,2-benzenediol molecule, was used in 
our study to mimic glucose whose binding with aluminum occurs through adjacent 
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hydroxyl groups. The two aluminum complexes were chosen because they are typical 
representations of a poor (2a) and efficient (2e) precatalyst for glucose dehydration to 
HMF. Again, it is important to note that the only difference between these complexes is 
the substituent on the amino group of the (aminomethyl)phenolate ligand system – a methyl 
group for 2a and a phenyl group for 2e.  
Figure 4.2 shows the 1H NMR spectra for both 2a and 2e. The 1H NMR of LRAlMe2 
complexes 2a and 2e contained four doublet resonances in the 4.60-3.52 ppm range for the 
four benzylic protons, which is consistent with bidentate coordination of the 
(aminomethyl)phenolate ligand on the metal center, with tight binding of the amino 
nitrogen to aluminum resulting in hindered rotation of the N-benzyl group on the NMR 
timescale at room temperature. Furthermore, consistent with a C1 symmetry expected for 
tetrahedral LRAlMe2 complexes 2a and 2e, two different Al-CH3 resonances were observed 
in the 1H NMR spectra in the upfield region of -0.62 to -0.87 ppm for 2a (with an alkyl 
substituent on the amino group) and -0.43 to -1.27 ppm for 2e (with an aryl substituent on 
the amino group). The major difference between 2a and 2e observed from 1H NMR is the 
chemicals shift positions of the Al-CH3 resonances. As shown in Figure 4.2, the two Al-
CH3 resonances in 2a are close to each other, indicating that their electronic environments 
are somewhat similar. However, in 2e, one of the Al-CH3 resonances is further upfield (-
1.27 ppm), presumably due to effects caused by a nearby phenyl ring that may introduce 
shielding effects (see Figures 2.1(a) and 2.2).  
Since glucose dehydration reactions were conducted in [EMIM]Cl, we started our 
investigation by looking at the nature of the LRAlMe2 complexes in the ionic liquid 
([EMIM]Cl) environment. In this regard, the investigation was done to mimic the reaction 
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conditions during glucose dehydration reaction where the ionic liquid is in excess. The 
complexes were obtained by reacting the LRAlMe2 complex (where R = Me or Ph) with 1 
or 2 equivalents of [EMIM]Cl. In a typical experiment, complex 2a (or 2e) was reacted 
with 1 or 2 equivalents of [EMIM]Cl using dichloromethane as the solvent. The reaction 
mixtures were stirred for 5-30 min at room temperature or at 120 °C. The complexes were 
synthesized in good yield and clean compounds were isolated; with complexes containing 
2a affording white powders and light-yellow powders were obtained with the use of 2e. 
Microanalysis and solution NMR was used to establish the molecular structure of the 
complexes. 
The compounds were readily soluble in diethyl ether, acetonitrile, THF, and chlorinated 
solvents such as dichloromethane and chloroform. However, the compounds were 
moderately soluble in aliphatic and aromatic hydrocarbon solvents. Efforts to grow crystal 
suitable for X-ray crystallography analysis from these compounds were not successful, 
especially for products of reactions of 2e with 1 or 2 equivalents of [EMIM]Cl. Several 
attempts to grow crystals from the products of reactions of 2a with 1 or 2 equivalents of 
[EMIM]Cl the resulted in formation of single crystals for 2a only. Scheme 4.1 shows the 
possible products from the reactions of LRAlMe2 complexes and [EMIM]Cl. 
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Figure 4.2. 1H NMR spectra of (a) LMeAlMe2 and (b) L
PhAlMe2, collected at 400 MHz 
in CDCl3. The insets show expanded portions of the spectra. 
 
 
 
Scheme 4.1. A reaction between aluminum complexes (2a and 2e) with [EMIM]Cl, 
showing possible compounds that are formed.  
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 Characterization of [LRAlMe2Cl]–[EMIM]+ complexes 
4.3.2.1. 27Al NMR indicates pentacoordinate [LPhAlMe2Cl]–[EMIM]+ complexes 
As shown in Scheme 4.1 a five-coordinate aluminum complex, denoted I, is expected 
when equimolar amounts of LRAlMe2 and [EMIM]Cl are used as reactants. However, using 
a 1:2 ratio of LRAlMe2:[EMIM]Cl may give a 5- (I) or 6-coordinate (II) aluminum 
complex. To determine the coordination around the aluminum center, 27Al NMR spectra 
(referenced to Al(NO3)3 standard in a capillary tube, 0 ppm) for the complexes were 
collected at room temperature. Figure 4.3a shows the 27Al NMR spectrum obtained from 
the product of 1:1 reaction between 2a and [EMIM]Cl, consisting of a broad peak at 53.4 
ppm. The spectrum of the product from a 1:2 reaction between 2a and [EMIM]Cl is shown 
in Figure 4.3b, which displays a peak centered at 68.6 ppm. 27Al NMR analysis of the 
products from 1:1 and 1:2 reactions of LPhAlMe2 and [EMIM]Cl showed similar results as 
displayed in Figure 4.4. The spectrum of the product from a 1:1 reaction between 2e and 
[EMIM]Cl (Figure 4.4a) displays a broad signal centered at 52.9 ppm and the product from 
1:2 reaction consist of a signal centered at 52.1 ppm (Figure 4.4b).  
The 27Al NMR chemical shifts in Figures 4.3 and 4.4 clearly show that the aluminum 
center on these complexes is pentacoordinate. The chemical shifts exhibited by these 
complexes (52.1 to 68.6 ppm) falls within the expected range for five-coordinate aluminum 
complexes. For example, Atwood and coworkers reported five coordinate Salen aluminum 
complexes with peaks in the 30.5 to 73.2 ppm range.298 Similarly, five-coordinate 
aluminum methyl and chloride complexes bearing 2(N-piperazinyl-N′-methyl)-2-
methylene-4-R′-6-R-phenolate (where R and R′ are various alkyl substituents) displaying 
peaks between 71 and 76 ppm were reported by Kerton et al.299 The differences noted in 
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the chemical shifts in both Figure 4.3  and 4.4 could be attributed to excess [EMIM]Cl in 
1:2 reactions. Nonetheless, irrespective of the molar ratio of [EMIM]Cl, the products 
formed by reacting 2a or 2e with [EMIM]Cl have a pentacoordinate aluminum center 
resulting from the binding of a chloride anion from the ionic liquid with the metal center 
giving an adduct of the form [LRAlMe2Cl]
–[EMIM]+ (R Me or Ph). In this regard, a 1:1 or 
1:2 reactions between LRAlMe2 (2a or 2e) and [EMIM]Cl both at room temperature and at 
120 °C gives the same products.  
 
 
Figure 4.3. 27Al NMR of product of (a) 1:1 reaction between 2a and [EMIM]Cl, 53.4 ppm 
and (b) 1:2 reaction between 2a and [EMIM]Cl, 68.6 ppm.  
 
In the complexes resulting from the reactions of LRAlMe2 with [EMIM]Cl, the five-
coordinate aluminum atom can either be square pyramidal (sqp) or trigonal bipyramidal 
(tbp). Based on the nature of the connection between the bidentate (aminomethyl)phenolate 
ligand and the metal center we believe that the complexes adopt a tbp geometry as drawn 
in Scheme 4.1 (species I) where the more electronegative groups (O and Cl) occupy the 
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axial positions and the more electropositive groups (N and 2 methyl groups) are in the 
equatorial position. There are several reasons for this proposition. First, as explained in 
chapter 2, the X-ray crystal structures of the LRAlMe2 complexes (2a and 2e, used as 
reactants) show that the O–Al–N angle is the 96-97° range. Since the 
(aminomethyl)phenolate ligand is still bound on the metal center in the [LMeAlMe2Cl]
–
[EMIM]+ complexes, the nitrogen and oxygen moieties must be cis to each other. Having 
N and O groups on the equatorial positions which requires an angle of 120° between the 
groups would therefore not be possible. Secondly, the 1H and 13C NMR chemical shifts of 
methyl groups (vide infra) display nonequivalence that would be better explained when 
these groups are in an equatorial position. Thirdly, it is well known, from Bent’s rule 
(which states that s character concentrates in orbitals directed toward electropositive 
substituents or, alternatively, that atoms direct hybrid orbitals with more p character toward 
more electronegative elements),300-301 that more electronegative substituents (in our 
complexes case, O and Cl) prefer the axial sites, where the hybrid orbitals have less s 
character, while the less electronegative substituents occupy the equatorial sites with 
hybrid orbitals having more s character. 
In Scheme 4.1 we showed that one of the possibility is the formation of a 
hexacoordinate aluminum complex (II) when reactions are conducted in excess 
[EMIM]Cl. We based this possibility on the minor changes that were observed in 1H NMR 
data (vide infra). We think that an equilibrium exists between I and II, with I being the 
thermodynamically favored species or major product, consistent with the 27Al NMR data 
showing that the complexes consist of a pentacoordinate aluminum center. This proposition 
  
174 
  
is only speculative and more studies are required to determine the presence of equilibria in 
these systems.   
 
 
Figure 4.4. 27Al NMR of product of (a) 1:1 reaction between 2e and [EMIM]Cl, 52.9 ppm 
and (b) 1:2 reaction between 2e and [EMIM]Cl, 52.1 ppm. 
 
4.3.2.2. 1H NMR characterization of [LRAlMe2Cl]–[EMIM]+ complexes 
There are several features that can be observed from the 1H NMR spectra of the 
[LRAlMe2Cl]
–[EMIM]+ complexes. Figures 4.5 shows the signals for the benzylic protons 
for 2a and 2e, the complexes obtained after a reaction with [EMIM]Cl ([LRAlMe2Cl]
–
[EMIM]+), and pure [EMIM]Cl. In the complexes derived from 2a (Figure 4.5 c, d), the 
products display four doublets in the 4.00–3.50 ppm range for the four benzylic protons 
similar to that of LMeAlMe2 complex (2a) with negligible changes in their chemical shifts 
(ca. 0.03 ppm upfield). However, the intensity of these signals is reduced due to the 
broadening observed. Broadening of the peaks is likely due to the interaction between the 
cation ([EMIM]+) and the anion [LMeClAlMe2]
– in the complex. These observations show 
that in the [LMeAlMe2Cl]
–[EMIM]+ complexes (both 1:1 and 1:2), the benzylic protons are 
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chemically inequivalent, which in turn indicate that the nitrogen is tightly bound to the 
metal center, hindering rotation of the N-benzyl group at NMR timescale at room 
temperature, consistent with the expected C1 symmetry of the aluminum complexes as 
shown in Figure 2.1 and Scheme 4.1. 
Additionally, as shown in the 1H NMR spectra in Figure 4.6, each of [LMeAlMe2Cl]
–
[EMIM]+ complexes (obtained from a 1:1 or 1:2 reactions of 2a and [EMIM]Cl) display 
two singlets for the Al-CH3 protons, located at –0.66 and –0.99 ppm, with each peak 
integrating to 3H (Figure 4.6 c, d). Just like the benzylic protons described above, there are 
negligible changes in the chemical shifts of Al-CH3 signals, except a slightly shift to the 
upfield region by ~0.04 ppm compared to the Al-CH3 chemical shifts for 2a. The two 
distinct Al-CH3 resonances show that the methyl protons of [L
MeAlMe2Cl]
–[EMIM]+ 
complexes are chemically inequivalent as previously observed in 2a. Furthermore, the 
chemical shifts of these resonances are not affected by the molar concentration of the ionic 
liquid. These results are consistent with 13C NMR data where two signals were observed 
at –10.3 and –11.1 ppm.  
Both 1H and 27Al NMR data for complexes obtained by reacting 2a with either 1 or 2 
equivalents of [EMIM]Cl show that the aluminum center is pentacoordinate, with a 
proposed trigonal bipyramidal geometry around the metal center. The chemical 
inequivalence of the benzylic protons and the AlCH3 protons show that the 
(aminomethyl)phenolate ligand is tightly bound to the metal center on both the phenoxide 
oxygen and the amino group, with the rotation of the N-benzyl group hindered on the NMR 
timescale at room temperature.  
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In the case of the products obtained from reaction of LPhAlMe2 (2e) with 2 equivalents 
of [EMIM]Cl, instead of the four sharp doublets for the benzylic protons observed in the 
4.60–3.70 ppm range in 2e, the 1H NMR spectrum displayed two broad singlets at 4.68 and 
4.51 ppm (Figure 4.5g) for the benzylic protons, each integrating to 2H. These resonances 
indicate that the benzylic protons are chemically equivalent. Moreover, one broad 
resonance for the AlCH3 protons was observed at –0.84 ppm (somewhat on the midpoint 
of the two singlets for the two methyl groups on the metal center in 2e) integrating to 6H, 
also indicating that the protons in two AlCH3 are chemically equivalent.  
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Figure 4.5. 1H NMR spectra showing (a) [EMIM]Cl, (b) benzylic protons of LMeAlMe2 (2a), reaction product of (c) 2a with 1 eq. 
[EMIM]Cl, (d) 2a with 2 eq. [EMIM]Cl, (e) benzylic protons of LPhAlMe2 (2e), (f) 2e with 1 eq. [EMIM]Cl, (g) 2e with 2 eq. 
[EMIM]Cl. 
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Figure 4.6. 1H NMR spectra showing the methyl protons bound to aluminum (a) [EMIM]Cl, (b) LMeAlMe2 (2a), reaction product 
of (c) 2a with 1 eq. [EMIM]Cl, (d) 2a with 2 eq. [EMIM]Cl, (e) LPhAlMe2 (2e), (f) 2e with 1 eq. [EMIM]Cl, (g) 2e with 2 eq. 
[EMIM]Cl. 
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There are several possible explanations for the chemical equivalence of each pair of 
benzylic protons and the Al-CH3 groups in [L
PhAlMe2Cl]
–[EMIM]+. As was shown by 27Al 
NMR, [LPhAlMe2Cl]
–[EMIM]+ contains a pentacoordinate aluminum center, proposed to 
adopt a trigonal bipyramidal (tbp) geometry. Compounds consisting of a tpb 
pentacoordinate geometry are known to isomerize through a positional pairwise exchange 
of apical and equatorial ligands by the well-known Berry pseudorotation mechanism, 
initially described by R. Stephen Berry.302 To understand how this mechanism relates to 
[LPhAlMe2Cl]
–[EMIM]+, a brief description of the process is provided. The Berry 
pseudorotation mechanism, depicted in Figure 4.7 for phosphorus pentafluoride (PF5), 
occurs by the movement of the two axial ligands (F4 and F5) toward each other like a pair 
of scissors. By doing so, these ligands push their way in between a pair of the equatorial 
ligands which subsequently move apart (in this case, F1 and F2).303 This movement results 
in the formation of a square pyramidal intermediate whose base constitute the two pairs of 
interchanging ligands with the tip ligand (F3) acting as the pivot. The originally axial 
ligands undergo an angular bending displacement in a plane including the pivot ligand and 
the initially equatorial ligands are simultaneously displaced in the original equatorial 
plane.303-304  
 
 
Figure 4.7. Berry pseudorotation in PF5. 
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In pentacoordinate [LPhAlMe2Cl]
–[EMIM]+, (complex I in Scheme 4.1) the observed 
chemical equivalence of each pair of benzylic protons and the Al-CH3 groups may be due 
to complex I undergoing Berry pseudorotation. If this process is fast on the NMR time 
scale at room temperature, each pair of benzylic protons will have identical chemical 
environments, causing their chemical shifts to be the same. Similarly, the Al-CH3 groups 
would be chemically equivalent. However, Berry pseudorotation would require that the N–
Al–O bond angle in [LPhAlMe2Cl]
–[EMIM]+ range from 90° to 120°. As previously 
discussed, (aminomethyl)phenolate ligands exhibit small bite angles (for example, N–Al–
O bond angles in the four-coordinate 2a and 2e are 96.53(5)° and 97.09(5)°, respectively.305 
Thus, a Berry pseudorotation process is highly unfavorable for exchange of the benzylic 
protons and the Al-CH3 groups. 
A second possible pathway for exchange of the benzylic protons and the Al-CH3 groups 
could involve dissociation of chloride from [LPhAlMe2Cl]
–[EMIM]+ to give four-
coordinate LPhAlMe2 species, followed by exchange of the two Al-CH3 groups, and then 
recoordination of chloride. However, such a process is unlikely since Al-CH3 groups of 
four-coordinate 2a-2g do not equilibrate under identical reaction conditions. At room 
temperature, NMR spectra for LRAlMe2 complexes each displayed two signals 
corresponding to each of the aluminum-bound methyl groups 
A more plausible explanation of the chemical equivalence of the benzylic protons and 
the Al-CH3 groups in [L
PhAlMe2Cl]
–[EMIM]+ complex involves the dissociation and 
association of the (aminomethyl)phenolate nitrogen donor from the aluminum center.306 
Both the benzyl and phenyl groups bound to the amino nitrogen in [LPhAlMe2Cl]
–[EMIM]+ 
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would exert a steric effect on the aluminum center which may promote facile dissociation 
of the amino nitrogen of the (aminomethyl)phenolate ligand on the NMR timescale. Such 
a steric effect would be reduced in [LMeAlMe2Cl]
–[EMIM]+ where the amino nitrogen is 
bound to a less bulky methyl group.  
Upon dissociation of the amino N, the aminomethyl moiety of the ligand is free to 
undergo rotation around the C–N of the benzylic group bound to the phenoxide moiety of 
the ligand before binding to the metal again. Thus, the benzyl and phenyl groups bound to 
the nitrogen donor can change positions. Dissociation of the nitrogen atom from the 
aluminum center followed by aminomethyl rotation appear to be fast enough on the NMR 
timescale at room temperature, resulting in the averaging of the benzylic signals to one 
resonance for each pair of protons. Similarly, the dissociation-rotation-association cycle of 
N causes the two AlCH3 to average forming one singlet. This phenomenon has been 
reported in olefin polymerization studies catalyzed by titanium complexes bearing 
phenoxy-amine ligands where the amine N is reported to dissociate from the metal center 
to generate less sterically encumbered and more electrophilic catalytic species with 
significantly improved activity.306  
The 1H NMR resonances for the benzylic protons in the [LPhAlMe2Cl]
–[EMIM]+ 
complex (synthesized by an equimolar reaction of 2e and [EMIM]Cl) appear at 4.46 ppm 
as a very broad peak with a shoulder integrating to 4H (Figure 4.5f). Dissociation of the 
nitrogen donor from the metal center, explained above, must be occurring also in this 
complex. In this complex, the additional broadening and shifting of the two benzylic 
resonances results to the overlap of the two signals. This broadening may be explained by 
a much faster dissociation-rotation-coordination cycle of the nitrogen donor and the 
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substituents bound to it. Dissociation of the nitrogen donor is further supported by one 
broad resonance obtained for the AlCH3 protons at –0.84 ppm which integrates to 6H. The 
AlCH3 signal for the complex formed by reaction of equimolar amounts of 2e and 
[EMIM]Cl was much broader than that for the 1:2 complex. Thus, just like the benzylic 
protons, these methyl groups bound to the metal are also chemically equivalent. This is 
consistent with the 13C NMR spectra showing single peaks at –6.8 ppm and –6.6 ppm, for 
the 1:1 and 1:2 LPhAlMe2Cl]
–[EMIM]+ complexes, respectively. As discussed previously 
chemical equivalence results from the symmetry introduced by the dissociation-association 
of the nitrogen donor to the metal center. Figure 4.7 summarizes a schematic representation 
of the proposed dissociation-rotation-coordination process of the nitrogen donor in 
LPhAlMe2Cl]
–[EMIM]+ complexes versus the locked conformation for the LPhAlMe2Cl]
–
[EMIM]+ complexes. 
 
 
Figure 4.8. Schematic representation of (a) nitrogen donor dissociation-rotation-
coordination and (b) nitrogen locked on the metal center in LRAlMe2Cl]
–[EMIM]+ 
complexes. 
 
4.3.2.3. How [LRAlMe2Cl]–[EMIM]+ complexes affect the chemicals shifts of [EMIM]+ 
The behavior of [EMIM]+ in the [LRAlMe2Cl]
–[EMIM]+ complexes also provides 
insights about their properties. When complex 2e is reacted with [EMIM]Cl, both the 
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aromatic and aliphatic protons peaks of the [EMIM]+ cation in the [LPhAlMe2Cl]
–[EMIM]+ 
products are broadened, irrespective of the molar ratio of [EMIM]Cl (Figures 4.5 f, g and 
4.6 f, g). Interestingly, broadening of [EMIM]+ peaks is not observed for [LMeAlMe2Cl]
–
[EMIM]+. Moreover, in [LPhAlMe2Cl]
–[EMIM]+ all the chemical shifts of the [EMIM]+ 
protons signals are shifted upfield when compared with signals from the pure [EMIM]Cl. 
This observation is more pronounced in [LPhAlMe2Cl]
–[EMIM]+ but not in [LMeAlMe2Cl]
–
[EMIM]+. For example, the quartet from the –NCH2CH3 shifted upfield from 4.35 ppm (–
NCH2CH3 in pure [EMIM]Cl) to 4.18 ppm (Δδ = 0.17 ppm) for [L
PhAlMe2Cl]
–[EMIM]+ 
but is only shifted upfield by 0.03 ppm for [LMeAlMe2Cl]
–[EMIM]+. Of particular 
importance is the highest upfield shift observed for the acidic proton of [EMIM]+ in 
[LPhAlMe2Cl]
–[EMIM]+. The signal of this acidic H in [LPhAlMe2Cl]
–[EMIM]+ complexes 
moved upfield to 10.03 ppm (Δδ = 0.65 ppm) compared to the acidic proton of the pure 
[EMIM]Cl at 10.68 ppm. On the other hand, the acidic proton of [EMIM]+ in 
[LMeAlMe2Cl]
–[EMIM]+ is slightly shifted downfield to 10.81 to 10.85 ppm (Δδ = -0.13 to 
-0.17 ppm) for the complexes obtained from a reaction of 2a with [EMIM]Cl, respectively. 
These results suggest that an interaction between the ionic liquid and the aluminum 
complex exist and that this interaction differs depending on the aluminum complex used 
(2a vs 2e).  
Large upfield shift observed for the acidic proton (NCHN of the imidazolium ring) of 
[LPhAlMe2Cl]
–[EMIM]+ may be explained by the interaction between the anion and cation 
in the adduct. In pure [EMIM]Cl, it is known that hydrogen bonding occurs between the 
Cl– anion and the ring protons (C2, C4 and C5, Scheme 4.2) of the 1-ethyl-3-
methylimidazolium cation (EMIM+).307-309 Hydrogen bonding is more pronounced with the 
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C2 hydrogen due to its higher acidity compared to the other ring protons. Upon reaction 
with LRAlMe2, the chloride anion is expected to form a covalent bond with the Lewis acidic 
aluminum center. Consequently, the hydrogen bonding between the C2 hydrogen and the 
chloride anion in [EMIM]Cl is significantly diminished, resulting in shielding of the ring 
protons which in turn moves the chemical shifts of the C2 hydrogen to the upfield region. 
As expected a large shift (~0.7 ppm) is observed for the C2 proton compared to the C4 and 
C5 protons (~0.2 ppm) since the C2–H would interact more with the anion in a pure 
[EMIM]Cl environment.  
 
 
 
Scheme 4.2. Schematic representation of hydrogen bonding between the cation and anion 
in [EMIM]Cl and possible cation-anion interaction with aromatic π–rings. 
 
The observed upfield shifts of the 1H NMR resonances for the [EMIM]+ cation in 
[LPhAlMe2Cl]
–[EMIM]+ is consistent with literature reports. In this regard, changes in 
chemical shifts of the imidazolium ring protons to the upfield region based on water content 
or presence of other reagents has been previously reported in 1-alkyl-3-methylimidazolium 
ionic liquids.310-312 For example, Wilkes and coworkers investigated a reaction between 
[EMIM]Cl and different molar ratios of AlCl3.
312 It was argued that the reaction of the ionic 
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liquid with AlCl3 would form three different products depending on AlCl3 molar 
concentration (N). When N < 0.5, the mixture contains the basic Cl– anion. At N = 0.5, the 
product is neutral, with AlCl4
– as the dominant anion, and when N > 0.5, the product is 
considered acidic because it contains the Lewis acidic Al2Cl7
– anion. Wilkes et al. observed 
that the chemical shifts of the protons of the resulting EMIMCl-AlCl3 product shifted 
upfield as the composition of AlCl3 was increased. The ring protons were mostly sensitive 
to changes in the molar concentration of AlCl3 while the side-chain protons showed little 
composition dependence. This behavior was attributed to a gradual replacement of the Cl– 
by the weakly coordinating AlCl4
– and Al2Cl7
– anions as the composition of AlCl3 
increased. Wilkes et al. argued that the upfield movement of the chemical shifts is 
consistent with the qualitative expectation that the Cl– anion induces a greater negative 
charge into the imidazolium cation (relative to AlCl4
– and Al2Cl7
–), which in turn increases 
the ring anisotropy and the ring protons become more shielded.  
Another possible contribution for shielding of the ring protons is their interaction with 
the π electrons on the aryl groups in the ligand system of the LPhAlMe2 complex. The 
aromatic ring on the amino group of the LPhAlMe2 complex may interact with the 
imidazolium cation as shown in Scheme 4.2. It is also important to note that the π electron 
cloud on the imidazolium ring may exert a repulsive Coulombic force on the π system of 
the phenyl ring in LPhAlMe2. The resultant effects of all these interactions impacts the 
electron density on the imidazolium ring causing the chemical shifts of the ring protons to 
move upfield. These types of interactions were reported by Kintzinger et al. in their 
investigation in which they showed the existence of a C–H···π interaction between the 
phenyl rings of the tetraphenylborate anion and the hydrogens of the imidazolium cation 
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in 1-n-butyl-3-methylimidazolium tetraphenylborate.313 Using 1H NOESY NMR 
spectroscopy, it was shown that in deuterated chloroform, the ionic liquid possesses a 
contact ion pair structure which resulted the NCHN proton of the cation exhibit the greatest 
shielding (up to –4.5 ppm), indicating the existence of C–H···π interaction in solution. In 
aromatic systems, other types of interactions such as cation–π interactions are well 
known.314  
As mentioned previously, the chemical shift of the C2 proton of [EMIM]+ in 
[LMeAlMe2Cl]
–[EMIM]+ moved downfield to 10.81 to 10.85 ppm for the products from 1:1 
and 1:2 reaction, respectively (compared to 10.68 ppm in pure [EMIM]Cl). There were 
negligible chemical shifts observed for proton on C4, C5, or the protons on the alkyl 
substituents of [EMIM]+. Additionally, broadening of the [EMIM]+ moiety peaks did not 
occur, contrary to the observation made in [LPhAlMe2Cl]
–[EMIM]+. The shifting of the C2 
protons in [LMeAlMe2Cl]
–[EMIM]+ to the downfield region was unexpected because of the 
decreased hydrogen bonding between the chloride anion (which is now coordinated to the 
metal complex) and [EMIM]+. We are not able to provide a definitive explanation for the 
downfield shift at this time.  
The above discussions point out the main structural differences between the complexes 
formed from a reaction of 2a and 2e with [EMIM]Cl. We have shown that five-coordinate 
aluminum complexes are formed when either of the LRAlMe2 complexes is reacted with 
[EMIM]Cl. We also demonstrated that in [LMeAlMe2Cl]
–[EMIM]+, the 
(aminomethyl)phenolate ligand is strongly bound to the metal center whereas in 
[LPhAlMe2Cl]
–[EMIM]+, the ligand undergoes an on–off dissociation of the amino 
nitrogen. The changes observed in the chemical shifts of the [EMIM]+ cation provided 
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additional information on the different interactions occurring in these aluminum 
complexes. Even though efforts to grow crystals for X-ray analysis were not successful, 
NMR spectroscopy provided sufficient evidence supporting the propositions above. As 
discussed in Chapter 2 and 3, the LRAlMe2 (R = aryl substituent on the amino group) 
complexes catalyze isomerization of glucose to fructose. In a typical LRAlMe2–catalyzed 
glucose dehydration experiment where [EMIM]Cl is used as a solvent, it is expected that 
[LRAlMe2Cl]
–[EMIM]+ complexes may be formed. These complexes may be precursors 
that play a key role as intermediates that catalyze glucose isomerization, and based on the 
structural difference observed, their catalytic activity could certainly be different. 
Therefore, we studied the reactions of LRAlMe2 complexes and [L
RAlMe2Cl]
–[EMIM]+ 
with glucose-like molecules to further understand the differences in reactivity of complexes 
2a and 2e. The results from this study is described in the following section.  
 
 Reactions of LRAlMe2 with catechols in [EMIM]Cl 
In a typical LRAlMe2–catalyzed glucose dehydration reaction in ionic liquids, bubbling 
was observed upon heating the reaction mixture at temperatures ≥80 °C. The bubbling was 
due to the release of methane gas resulting from a reaction of the LRAlMe2 complexes with 
hydroxyl protons of glucose molecules. In this reaction, we presume that a species with an 
aluminum center bound to the (aminomethyl)phenolate ligand and/or one or more glucose 
molecules is formed, as shown in Scheme 4.3. In the presence of the ionic liquid (in excess, 
as a solvent) such as [EMIM]Cl, there is a likelihood of formation of [LRAlMe2Cl]
–
[EMIM]+ complexes discussed in the previous section. However, the reactivity of 
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aluminum alkyls with protic reagents is usually very fast such that the formation of 
[LRAlMe2Cl]
–[EMIM]+ may only be transient in the presence of glucose.  
 
 
Scheme 4.3. Possible intermediates that could form in LRAlMe2–catalyzed glucose 
conversion. 
 
The binding of hydroxyl groups of glucose to Lewis acid catalysts have been proposed 
occur at the O1 (oxygen bound to C1) and O2 (oxygen bound to C2) of glucose (Scheme 
4.3), forming a five-membered ring intermediate.246 This binding facilitates ring opening 
of glucose, at the anomeric carbon, that is necessary for isomerization of glucose to 
fructose. To understand the reactivity of LRAlMe2 complexes we investigated their 
reactivity with glucose-like molecules. In this case, glucose-like molecules are compounds 
with vicinal hydroxyl groups (diols) that can bind to the LRAlMe2 complexes in a similar 
manner as glucose does. In our initial choice of glucose-like molecules, we used catechol 
to mimic glucose molecules. However, due catechol’s poor solubility in common organic 
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solvents such as chloroform, dichloromethane, and toluene, we chose the 3,5-di-tert-
butylcatechol (3,5-DTBC).  
In a typical reaction, a specified amount of 2a or 2e was dissolved in dichloromethane 
(DCM) at room temperature. To this solution, 3 molar equivalents of 3,5-DTBC dissolved 
in DCM was added dropwise to the solution of 2a or 2e. Vigorous bubbling was observed. 
The mixture was stirred for about 30 min. After the reaction, the volatile organic solvents 
were removed under reduced pressure to obtain tan colored solids. We also conducted 
similar experiments in which [EMIM]Cl was added at a 3 molar equivalent ratio. In this 
case, a reaction of 2a or 2e and [EMIM]Cl (1:3 ratio) was conducted, followed by addition 
of 3,5-DTBC (3 molar equivalents). The products of these reactions were analyzed by 
variable temperature 1H NMR spectroscopy. 
The 1H NMR spectra obtained from these reactions showed resonances indicating the 
presence of more than one compound, even though a major product was always observed 
in each spectrum. However, additional investigations are necessary for detailed 
characterization of the complexes formed from these reactions. Nonetheless, it is important 
to note that variable temperature 1H NMR analysis of the products of these reactions 
provided evidence necessary to distinguish the reactivity of 2a and 2e in 3,5-DTBC.  
The first observation that was noted for reactions involving both 2a and 2e was the 
absence of the AlCH3 peaks in the 
1H NMR spectra. This was expected because the 
LRAlMe2 complexes undergo very fast reactions with protic reagents. The hydroxyl 
protons of 3,5-DTBC reacted with the donor CH3 ligands on the metal center, generating 
methane gas in the process. This was the reason for vigorous bubbling when these reagents 
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were mixed. This shows that the aluminum center binds with 3,5-DTBC molecules forming 
a species containing one or more catecholate ligands.  
From 1H NMR data, clear differences were observed on the behavior of 2a and 2e in 
the presence of 3,5-DTBC and [EMIM]Cl. Reactions involving 2a showed spectra 
suggesting that the major product consist of an aluminum-catecholate complex, shown as 
I in Scheme 4.4, in which the (aminomethyl)phenolate is still bound to the metal center. 
This is supported by spectra containing species in which the benzylic protons peaks appear 
as four doublets in the 4.15 to 4.45 ppm range were observed. Clear doublets were only 
observed when the NMR spectra were collected at temperatures <10 °C. At room 
temperature, the peaks were not well resolved and only appeared as two broad signals. The 
benzylic signals are slightly shifted downfield (with respect to the benzylic proton signals 
in 2a). Multiple tert-butyl signals were observed in the 1.10 to 1.40 ppm range, suggesting 
formation of a compounds consisting of chemically different tert-butyl groups. 
Specifically, four tert-butyl peaks were observed suggesting that this compound consisted 
of two catecholate species bound to the metal center (labeled I in Scheme 4.4), in addition 
to the (aminomethyl)phenolate ligand. An additional two tert-butyl resonances indicate 
that one of the products contains two chemically equivalent tert-butyl groups. This is 
consistent with complex II in Scheme 4.4. 
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Scheme 4.4. Proposed aluminum-catechol complexes formed by reaction of 2a and 2e with 
3,5-di-tert-butylcatechol. 
 
1H NMR spectra obtained when complex 2e is reacted with 3,5-DTBC in the presence 
of [EMIM]Cl show that the (aminomethyl)phenolate ligand immediately dissociates off of 
the metal center. This suggests that a tris-(3,5-di-tert-butylcatecholate) aluminum complex 
is formed (complex II in Scheme 4.4). Our proposition for ligand dissociation is supported 
by the presence of all the resonances due to the 2-[(N-benzyl-N-phenyl)aminomethyl]-6-
tert-butyl-4-methylphenol ligand. Moreover, two major tert-butyl resonances were 
observed at 1.22 and 1.35 ppm. These signals are shifted slightly upfield (compared to the 
signals obtained from pure 3,5-DTBC), an indication that all the 3,5-DTBC are bound to 
the metal center. These results are consistent with the observed on and off dissociation of 
the amino nitrogen from the metal center in [LPhAlMe2Cl]
–[EMIM]+. The addition of a 
glucose-like molecule facilitates a fast dissociation of the (aminomethyl)phenolate ligand. 
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 Glucose dehydration in the presence of 3,5-di-tert-butylcatechol  
Based on the results and observation of reactions between 3,5-di-tert-butylcatechol 
(3,5-DTBC) and 2a and 2e discussed above, we conducted an investigation to study the 
effect of 3,5-DTBC in LPhAlMe2 (2e)-catalyzed glucose dehydration. Table 4.1 shows 
results of glucose conversion and the product distribution at different reaction times for 
dehydration of glucose in [EMIM]Cl at 120 °C, using 5 mol% of 2e and 15 mol% of 3,5-
DTBC (the mole % are with respect to moles of glucose used). The reason for using 15 
mol% of 3,5-DTBC was to mimic a reaction environment where a tris-(3,5-di-tert-
butylcatecholate) aluminum complex may be formed, by a reaction of 2e with 3 molecules 
of 3,5-DTBC with subsequent loss of the (aminomethyl)phenolate ligand from the 
aluminum center. Results for uncatalyzed and 2e-catalyzed glucose conversion in the 
absence of 3,5-DTBC (also found in Table 2.4) are included for reference. 
 
Table 4.1. Glucose dehydration with 2e in [EMIM]Cl in the presence of 3,5-DTBC.a 
Entry 
Time 
(h) 
Catalyst 3,5-DTBC 
Glucose 
Conversion (%) 
HMF 
Selectivity (%) 
HMF 
Yield (%)   
1 1 2e 3,5-DTBC 70 44 31 
2 2 2e 3,5-DTBC 78 46 36 
3 4 2e 3,5-DTBC 84 44 37 
4 6 2e 3,5-DTBC 96 32 31 
5 1 2e – 52 53 28 
6 2 2e – 69 54 38 
7 4 2e – 88 53 46 
8 6 2e – 95 49 47 
9 1 – – 4 0 0 
10 2 – – 6 0 0 
11 4 – – 8 5 <1 
12 6 – – 15 5 <1 
13 4 – 3,5-DTBC 57 8 4 
aReaction conditions: 500 mg [EMIM]Cl, 50 mg glucose, 5 mol% of 2e, 15 mol% of 3,5-
DTBC, 120 °C. 
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As shown in Table 4.1 (entries 1-2, and 5-6), glucose conversion was faster in the 
presence of 3,5-DTBC in the first 2 h of the reaction (70 to 78% conversion), compared to 
similar reactions in absence of the catechol (52 to 69% conversion). As the reaction 
progressed comparable glucose conversion is achieved, presumably due to reduced 
reaction rate as glucose concentration decreases. For uncatalyzed reactions glucose 
conversion was much faster when 3,5-DTBC is present. In 4 h, 57% glucose is converted 
in the presence of 3,5-DTBC (entry 13) whereas only 8% conversion was achieved in the 
absence of 3,5-DTBC (entry 12), with both reactions giving poor HMF yields. When 3,5-
DTBC was used, the reaction mixture quickly darkened, suggesting that glucose was 
decomposing to humins. 
HMF selectivity for reactions containing 3,5-DTBC were lower than those reactions 
conducted without. HMF selectivity went up to 46% (entries 1-4) but additional reaction 
time resulted in reduced selectivity. In the reactions containing 3,5-DTBC, levulinic acid 
(LA) and formic acid (FA) were observed, and their formation increased with reaction time. 
The presence of LA and FA suggest that in the presence of 3,5-DTBC, HMF is undergoing 
rehydration. This may explain the low HMF selectivity observed in the presence of 3,5-
DTBC. Moreover, we presume that for reactions conducted in the presence of 3,5-DTBC, 
there may be competition reactions between 3,5-DTBC and glucose in binding to the 
aluminum center to form a tris-(3,5-di-tert-butylcatecholate) aluminum complex and a tris-
(glucose) aluminum complex, respectively. These competing reactions could retard 
formation of HMF from glucose. Specifically, glucose isomerization to fructose is 
presumed to reduce due to the binding of the aluminum center to three molecules of 3,5-
DTBC, making it unavailable for glucose isomerization. 
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In summary, we have shown that complexes 2a and 2e react with molecules that mimic 
glucose to form complexes that are different. 2a forms a complex in which the 
(aminomethyl)phenolate ligand is tightly bound to the aluminum center. However, when 
2e is used, a complex is formed that does not contain the (aminomethyl)phenolate ligand, 
but instead the aluminum center is bound to three 3,5-DTBC molecules. Therefore, the 
differences in the activity of 2a and 2e in converting glucose to HMF is proposed to be 
attributed to the loss of the (aminomethyl)phenolate ligand during glucose dehydration. 
We think that LRAlMe2 complexes with aryl substituents on the amino group may be 
following the same trend of ligand dissociation, which makes them efficient catalysts for 
glucose-to-HMF dehydration. We have also shown that glucose dehydration in the 
presence of 3,5-DTBC achieved low HMF selectivity, due to loss of HMF through 
rehydration and presumably due to competing reaction between glucose and 3,5-DTBC in 
binding to the aluminum complex. Based on these observations and conclusions, a 
mechanism for LRAlMe2-catalyzed glucose conversion to HMF is proposed in the 
following section, incorporating the proposal for ligand dissociation. 
 
 Mechanism of glucose dehydration using LRAlMe2 complexes   
The dehydration of glucose is presumably initiated by the reaction of LRAlMe2 
complexes with the hydroxyl oxygens on the C1 and C2 of glucose with a subsequent 
release of methane gas. Indeed, bubbling of the reaction mixture was observed in the first 
few minutes into the reaction. The coordination of additional glucose molecules to 
aluminum may then occur.  An alternative proposition (vide supra) is the possibility of the 
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aluminum complex reacting with three glucose molecules with simultaneous loss of the 
(aminomethyl)phenolate ligand.  
Once glucose is bound to aluminum the anomeric carbon of one of the glucose 
molecules is activated, resulting in ring-opening to form an open-chain glucose 
intermediate I (Figure 4.8). Intermediate I is believed to undergo an intramolecular hydride 
shift where the hydrogen in C2 of the open-chain glucose is transferred to the C1 position 
forming an open-chain form of fructose shown as II. The aluminum complex with one 
molecule of glucose detaches off and the isomerization cycle starts again and the open-
chain fructose undergoes cyclization to fructofuranose. The proposed mechanism is similar 
to the mechanism proposed by Saha et al. using AlCl3 as the catalyst for glucose 
conversion.198 
While there is a lot of debate about the mechanism for fructose-to-HMF dehydration, 
we believe that in our study, the ionic liquid cations and anions may be participating in the 
dehydration of cyclic fructofuranose to HMF, as previously describes by Li et al.247 The 
anions (either bromide or chloride) interact with the protons on the hydroxyl groups at C1 
and C2 of fructofuranose to form a fructose-IL complex III as shown in Figure 4.8. This 
coordination leads to loss of a water molecule from III forming an enediol intermediate IV 
which tautomerizes into its aldehyde isomer. Additional loss of a water molecule is 
facilitated by the coordination of the IL on the OH group at the C3 position of aldehyde 
intermediate of IV to form V. Lastly, the ionic liquid coordination on the oxygen atom at 
the C4 position of V elicits the loss of a third water molecule forming HMF. The 
coordination of the IL anion with the hydroxyl groups of fructose is important in the 
formation of HMF and a combination of good nucleophilicity and facile leaving group is 
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expected to enhance fructose dehydration. The bromide anions possess these properties, 
which inform the fact that dehydration in IL containing bromide anions are fast and 
relatively selective for HMF. The ionic liquid cations also participate in the mechanistic 
pathway by stabilizing the charged intermediates during the reaction.  
 
Figure 4.9. The proposed mechanism for glucose dehydration to HMF using LArAlMe2 
complexes in 1-alkyl-3-methylimidazolium ionic liquids 
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At this point, it is sufficient to state that the dichloride complex (8) discussed in Chapter 
3 does not follow the mechanism proposed in Figure 4.8 in its entirety. It is presumed that 
for every mole of complex 8 used, two moles of HCl are formed. Therefore, using a 5 mol 
% of complex 8 results in the formation of up to 10 mol % HCl which promotes 
decomposition of HMF to humins.  
 
4.4. Conclusion  
The structural differences between complex LMeAlMe2 (2a) and L
PhAlMe2 (2e) has 
been determined using NMR spectroscopy. The basis for this study was to understand the 
difference in reactivity/catalytic efficiency between LMeAlMe2 (2a) and L
PhAlMe2 (2e) in 
converting glucose to HMF. After the reactions of the two complexes with the ionic liquid, 
[EMIM]Cl, 27Al NMR spectroscopy revealed that these complexes form penta-coordinate 
aluminum complexes, suggesting that the chloride anion from the ionic liquid binds to the 
aluminum metal. Instead of the four benzylic and methylene protons observed from 1H 
NMR of 2a, two broad singlets were observed upon reaction of 2a with [EMIM]Cl. This 
indicates that the nitrogen atom of [LPhAlMe2Cl]
–[EMIM]+ complex formed undergoes an 
on and off dissociation from the metal center. Upon dissociation, the amino group can 
rotate before binding to the metal center. This phenomenon effectively averages the 
chemical shifts of the benzylic/methylene protons and the Al-CH3 resonances. The 
[LMeAlMe2Cl]
–[EMIM]+ complex showed not major difference from 2a, suggesting that 
the amino nitrogen is strongly bound to the metal center. These results are indicative of 
formation of different reaction intermediates in an ionic liquid environment. The 
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dissociation of the ligand appears to be a key step in the formation of effective catalytic 
species for glucose conversion to HMF. 
The products obtained from reaction of glucose-like molecules (3,5-di-tert-
butylcatechol) with 2a and 2e displayed similar characteristics in which the 
(aminomethyl)phenolate ligand remains bound to the metal when 2a is used. A complex 
with two catechol groups and the (aminomethyl)phenolate ligand are bound to the 
aluminum center was proposed. However, the ligand completely dissociated off of the 
metal center when 2e was reacted with catechol. Based on NMR data, we proposed the 
formation of a tris-(3,5-di-tert-butylcatecholate) aluminum complex. We also 
demonstrated that LPhAlMe2-catalyzed glucose dehydration in [EMIM]Cl in the presence 
of 3,5-di-tert-butylcatecholate (3,5-DTBC) achieved low HMF selectivity compared to 
reactions without the catechol, due to loss of HMF through rehydration and presumably 
due to competing reaction between glucose and 3,5-DTBC in binding to the aluminum 
complex. Thus, the efficiency of these LRAlMe2 (where R is an aryl substituent on the 
amino group of the ligand) complexes appear to result from the dissociation of the ligand 
in the complex during dehydration reactions.  
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 Aluminum catalyzed isomerization of glucose to fructose in N-methyl-2-
pyrrolidone 
5.1. Introduction 
Among the naturally occurring aldoses, glucose is the most abundant. It also is the 
building block of polysaccharides such as cellulose and starch. Glucose is an essential 
component in the food, beverage, and pharmaceutical industry. In addition, it is an 
important chemical in the production of transportation biofuels, ethanol, lactic acid, HMF, 
levulinic acid, 2,5-furandicarboxylic acid (FDCA), and can be isomerized to its ketose 
isomer (fructose). The interconversion of aldoses to their corresponding ketoses is an 
established and well-known reaction. Of particular importance is the isomerization of 
glucose to fructose, a reaction which is used commercially in the food and pharmaceutical 
industry. The major industrial application of this process is the production of high fructose 
corn syrup (HFCS), which is a mixture of glucose and fructose in various ratios.315 In the 
United States, HFCS is used as an alternative sweetener to common table sugar (sucrose) 
in many foods such as soft drinks, processed foods, cereal, bakery, dairy, and confectionery 
products.316  
Isomerization of glucose is the primary approach used to produce fructose industrially. 
Fructose production, either through glucose isomerization or in HFCS production is usually 
carried out using biocatalytic approaches in which xylose isomerase enzyme is used as the 
catalyst. Even though this technique is highly selective, there are some limitations 
associated with the enzymatic process, which usually increases production costs. Examples 
of these limitations include high enzyme cost, strict maintenance of pH using buffers, 
narrow operating temperatures, irreversible enzyme deactivation and high standards of 
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purity for the feedstocks.317 Aldose to ketose interconversion can also be catalyzed by 
inorganic acids/bases. However, monosaccharides are not very stable in the presence of 
basic catalysts, which result in low selectivity and yields.318    
In recent years, chemo-catalytic processes at moderate to high temperatures have been 
studied in the isomerization of glucose to fructose.225-226, 240, 319-320 The interest in this 
direction is partly to improve product selectivity as well as to investigate new approaches 
for the process. These approaches have been studied using both homogenous and 
heterogeneous catalysts in various solvents systems. For example, Davis and coworkers 
demonstrated that hydrophobic beta zeolites containing Ti4+ and Sn4+ Lewis acids 
(abbreviated Ti-Beta and Sn-Beta) can catalyze glucose isomerization to fructose in 
aqueous environments.225 Using a 10% (wt/wt) glucose solution and catalytic amount of 
Sn-Beta afforded 31% (wt/wt) of fructose and 9% (wt/wt) mannose after 30 min at a 
relatively low temperature of 110 °C. The Sn-Beta catalyst was more active than Ti-Beta. 
The study also demonstrated that the Lewis acid solid catalysts are highly active and 
selective at high glucose concentrations (45 wt% glucose solution), in both acidic and non-
acidic aqueous environments. In another study, Davis et al. investigated the mechanism of 
glucose to fructose isomerization in the presence of Sn-Beta in water using 1H and 13C 
NMR spectroscopy.226 Labeled glucose was used to demonstrate that the isomerization 
reaction involved a Lewis acid-mediated intramolecular hydride shift. The mechanism 
proposed is similar to the pathway shown in chapter one, Scheme 1.4B. 
Metal halides are another category of Lewis acid for glucose isomerization. These 
reactions have been conducted in ionic liquids,175, 321 organic solvents,58, 322 and aqueous 
media.197, 323-324 Recently, Yoo et al. investigated isomerization of glucose to fructose in 
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concentrated aqueous solutions of lithium bromide (LiBr), serving both as solvent and 
catalyst under mild conditions.241 Isotopic labeling was used to study the mechanism of 
isomerization and the results verified that both the cation (Li+) and the anion (Br–) catalyzed 
the isomerization of glucose to fructose, with the former catalyzing the reaction through an 
intramolecular hydride shift pathway and the latter through the proton transfer pathway via 
an enediol intermediate. Unlike the solid Lewis acid catalysts used by Davis et al.225, metal 
salts catalyzed glucose isomerization to fructose, which is further dehydrated to HMF. 
Dehydration of fructose to HMF is usually catalyzed by a Brønsted acid in aqueous media. 
In the absence of an external acid this cascade catalysis was shown to occur from generated 
Brønsted acidity resulting from metal salt hydrolysis.323 Even though metal salts have been 
investigated in glucose isomerization reactions, selectivity to HMF needs to be improved.  
Aluminum halides have been shown to be promising catalyst for sugar dehydration 
reactions, especially due to their high selectivity for HMF.202-203, 325-326. Specifically, AlCl3 
display catalytic activity close to that of the bench-mark chromium catalysts in the 
conversion of glucose to HMF. A few studies in literature have demonstrated that 
aluminum-based catalysts exhibit significant activity for glucose conversion into HMF in 
aprotic polar solvents, ILs, and partially aqueous media. Heeres laboratory showed that 
chromium (CrCl2 and CrCl3) and aluminum (AlCl3 and Al(OTf)3) salts were the most 
promising catalysts for converting glucose to HMF in DMSO188. Yang et al.186 used 
AlCl3·6H2O to convert glucose into HMF in a biphasic media, as explained previously (see 
section 1.7). In this particular study, 40 mol% of the catalyst was used, which is not feasible 
in industrial settings. Many other studies conducted using AlX3 (X = Cl, Br, I) or 
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AlCl3·6H2O employed high catalyst loadings
327 which is not desirable when developing 
commercial processes.  
Chen and coworkers187 investigated various aluminum halides, alkyls and alkoxides as 
catalyst precursors to determine their effectiveness as catalyst for converting glucose to 
HMF in [EMIM]Cl and low to moderate HMF yield was obtained. Some of the aluminum 
compounds utilized in this study are known to be polymeric in solution (e.g., AlEt3, AlMe3, 
and Al(OiPr)3). These aluminum alkyls and alkoxy compounds are not stable, especially in 
the presence of water (formed during glucose dehydration). Additionally, it is not known 
how these compounds function in converting carbohydrates. Therefore, it may be difficult 
to determine mechanistic processes that could be taking place in the reaction mixture.  
While the discussion above shows aluminum compounds as promising catalysts in the 
conversion of sugars to HMF, the selectivity of both the isomerization of glucose to 
fructose and the dehydration of fructose to HMF are a very important steps in determining 
the end products of dehydration reactions. In Chapter 2 we conducted a systematic study 
of the use of easily prepared, air-stable dimethyl aluminum complexes supported by 
bidentate (aminomethyl)phenolate ligands as catalysts for the conversion of glucose to 
HMF in ionic liquids. We demonstrated that aluminum catalysts that are effective for 
glucose dehydration to HMF can be generated via modification of the 
(aminomethyl)phenolate ligand.  
In this chapter, we continue our study of aluminum-catalyzed glucose conversion to 
HMF in an organic solvent, N-methyl-2-pyrollidone (NMP), with the aim of improving 
HMF yield. NMP, a high-boiling aprotic solvent (boiling point = 202 °C), has been used 
previously as a solvent in the transformation of monosaccharides to HMF. In these studies, 
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HMF yield ranged from 12% to 86% depending on the substrates, catalysts, and reaction 
conditions.187, 320-322 For examples, Rasrendra et al.188 showed that Al(OTf)3 (5 mol%) 
catalyzed glucose conversion in NMP, obtaining a HMF yield of 43% in 1 h at 120 °C. In 
another study, Saraji and coworkers used functionalized silica nanospheres to convert 
fructose into HMF in NMP, affording a HMF selectivity and yield of 57 and 58%, 
respectively, after 30 min at 162 °C.328 Fructose dehydration in NMP, catalyzed by iron 
chlorides, achieved HMF yield of 86% in 2 h at 90 °C.329 Under similar reaction conditions 
sucrose gave a HMF yield of 40%. In the study presented in this chapter the catalytic 
activity of LPhAlMe2 complex in converting glucose into HMF in NMP is investigated. We 
hypothesize that the dimethyl aluminum complex bearing a bidentate 
(aminomethyl)phenolate ligand (LPhAlMe2) are effective in converting glucose to HMF in 
NMP solvent. Secondly, we hypothesize that 1H and 13C NMR spectroscopy on isotopically 
labeled glucose could be used to elucidate the LPhAlMe2-catalyzed mechanism of glucose 
isomerization to fructose, and fructose dehydration to HMF in NMP. 
  
5.2. Experimental Section 
 General procedures 
All manipulation of air- and/or moisture-sensitive compounds were carried out under 
dry nitrogen atmosphere using standard Schlenk or glovebox techniques. Toluene and 
hexane were dried and distilled by standard methods266 prior to use and stored in a glovebox 
over 4Å molecular sieves that had been dried in a vacuum oven at 150 °C for at least 48 h. 
All glassware was dried in an oven at 110 °C for 24 hours before use. D-(+)-glucose (≥ 
99.5%), deuterated glucose (D2 glucose, deuterated at C2) (98 atom % D, 99%), were 
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purchased from Sigma-Aldrich. All these reagents were dried in a vacuum oven (35 °C, 30 
in. Hg) for 48h before use. Anhydrous N-methyl-2-pyrrolidone (NMP, 99%), AlMe3 (2.0 
M in hexanes), 2-tert-butyl-4-methylphenol (99%), N-benzylaniline (99%), anhydrous 
lithium bromide (>99.9%), and anhydrous potassium bromide (99.95%) were purchased 
from Sigma-Aldrich. Paraformaldehyde (96%) and 5-hydroxymethylfurfural (97%) were 
purchased from Acros Organics. Deuterium oxide (D2O) was purchased from Cambridge 
Isotopes Laboratory. NMP was further dried under 4Å molecular sieves that had been dried 
in a vacuum oven at 150 °C for at least 48 h. Anhydrous lithium bromide and potassium 
bromide were dried in a vacuum over at 200 °C overnight before use.    
1H and 13C NMR spectra were recorded on a Varian VXR-400MHz or Varian MR-
400MHz spectrometer at room temperature. All chemical shifts are reported in units of δ 
(downfield from tetramethylsilane) and were referenced to residual solvent peaks. The 
ligand and aluminum complex, LPhAlMe2 (2e), were prepared as discussed in the 
experimental section of Chapter 2 (section 2.2.3). 
 
 Procedure for isomerization of glucose and D2 glucose 
All isomerization experiments were carried out in a 5 mL reaction vial sealed with a 
solid cap with PTFE faced silicone septum. In a typical experiment, D-(+)-glucose or D2 
glucose (50 mg, 0.28 mmol), NMP (1.0 mL), a specified amount of aluminum precatalyst 
(e.g., 5 mol % with respect to glucose), and a specified amount of metal bromide (for those 
reactions that used additives) were charged into the reaction vial along with a magnetic stir 
bar under nitrogen atmosphere. The vials were heated in a temperature-controlled oil bath 
on a stirring hot plate. After a specified period of time, the reaction was quenched by 
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placing the glass vials in an ice bath. The reaction mixture was diluted with 3 mL of 
deionized water, let stir for 5 minutes and centrifuged for 1 h. Subsequently, the supernatant 
was collected (via decantation to exclude insoluble solids) and analyzed by HPLC. In the 
isotopic labeling experiment, glucose deuterated at the C-2 position (D2 glucose) was used. 
Reactions were conducted at 120 °C for a period of 30 min following a similar procedure 
for glucose isomerization mentioned above. The samples analyzed by HPLC were 
collected and the solvent removed using a vacuum oven (35 °C, 30 in. Hg) followed by 
dissolving them in D2O for NMR measurements.     
 
 Analysis of products 
Quantitation of the reaction products was performed by HPLC using an Agilent Infinity 
1260 II HPLC system equipped with a quaternary pump, a refractive index detector, and a 
Biorad Aminex HPX-87H column (300 × 7.8 mm). 5.0 mM H2SO4 was used as the mobile 
phase at a flow rate of 0.6 mL/min, and the column temperature was maintained at 50 °C. 
The injection volume was 20 μL. All concentrations of glucose, D2 glucose, fructose, and 
HMF in the aqueous phase were determined by comparison to standard calibration curves. 
Glucose and deuterated glucose conversion and product selectivity and yield are 
defined as follows: 
 
Glucose conversion =
moles of glucose consumed
initial moles of glucose
 ×  100% 
 
Deuterated glucose conversion =
moles of deuterated glucose consumed
initial moles of deuterated glucose
 × 100% 
 
Fructose selectivity =
moles of fructose produced
moles of glucose consumed
 ×  100% 
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Fructose yield =
moles of fructose produced
initial moles of glucose
 ×  100% 
 
5.3. Results and Discussion 
 LPhAlMe2–catalyzed glucose conversion 
5.3.1.1. Highly selective aluminum catalyst for glucose isomerization to fructose  
The initial goal of this study was to investigate the efficiency of one of our novel 
aluminum complexes (LPhAlMe2) in the conversion of glucose and fructose into HMF in 
NMP solvent. The use of organic solvents in sugar dehydration reactions is very limited 
because sugars are insoluble in most organic solvents. Only a select few organic solvents 
can dissolve monosaccharides. NMP is one the few privileged organic solvents that can 
accomplish dissolution of sugars. In this regard, anhydrous NMP was chosen as a solvent 
medium. A specified amount of glucose was dissolved in anhydrous NMP and 5 mol% 
(relative to glucose) of LPhAlMe2, (2e), was added as the catalyst. The mixture was heated 
at 120 °C for a specified period of time and the products obtained analyzed by HPLC.  
Figure 5.1 shows the consumption of reactants and products formation over time at 120 
°C.  
  
207 
  
 
Figure 5.1. Evolution of the reactant and products in the isomerization of glucose in NMP. 
Reaction conditions: glucose (0.28 mmol in 1.0 mL NMP), 5 mol % of LPhAlMe2 (2e) 
catalyst, 120 °C. 
 
The main goal of this study was to improve HMF yield from LPhAlMe2 (2e)-catalyzed 
glucose transformation in the organic solvent NMP.  Surprisingly, we discovered that in 
NMP, complex 2e catalyzes glucose isomerization to fructose. In NMP the isomerization 
of glucose to fructose occurs with very high fructose selectivity. As shown in Figure 5.1, 
glucose conversion increases gradually with reaction time; only 13% glucose is converted 
in 4 min and it goes up to 77% conversion after 240 min. More importantly, glucose 
isomerization reaction achieved 81% fructose selectivity at glucose conversion of 21% in 
8 minutes. In the first 20 min of the reaction, fructose selectivity stays constant but starts 
to drop as glucose conversion increase over time, and in particular 39% of glucose is 
converted in 20 min, giving a fructose selectivity and yield of 77% and 30%, respectively. 
Fructose yield increased with reaction time, attaining a maximum yield of 41% (and 
fructose selectivity of 64% at 63% glucose conversion) in 60 min, after which it decreases 
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with additional reaction time. It is important to note that in the absence of the catalyst, only 
9% of glucose was converted after heating it in NMP for 240 min at 120 °C, and there was 
no fructose detected. 
The decrease in fructose selectivity observed for reactions conducted in >20 minutes is 
likely due to the degradation of fructose to humins. This can be explained by revisiting the 
workup procedure followed before HPLC analysis of the isomerization reaction products. 
After quenching the reaction mixture in NMP by placing it in an ice bath, the mixture was 
diluted with distilled water and stirred for a few minutes. Dissolution in water precipitated 
the proligand residue and other water insoluble solids. The mixture was centrifuged to 
separate the colorless to light brown colored solids from the water-soluble supernatant 
which was decanted and filtered before analysis by HPLC. Other than fructose and residual 
glucose, there were no other water-soluble products (such as HMF, levulinic acid, and 
formic acid) detected when the supernatants from the isomerization reaction were analyzed 
by HPLC.  
The insoluble solid products, which were sparingly soluble in chloroform, were found 
to be mainly the proligand residue when analyzed by 1H NMR. Specifically, the insoluble 
solids turned light brown for isomerization reactions conducted over 30 minutes at 120 °C, 
and further browning was observed over time. This suggests fructose loss occurred due to 
decomposition reactions leading to formation of humins. Nevertheless, it was encouraging 
that fructose selectivity did not change drastically in the first 30 minute of the reaction. The 
results from this study are very encouraging because it provides insights for potential 
development of an industrial process for isomerization of glucose to fructose using the 
LPhALMe2 complex. In this regard, the high selectivity for fructose can be leveraged to 
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separate out the product for further processing and the remaining glucose is fed back into 
the isomerization unit (recycled).  
We also investigated dehydration experiments using deuterated glucose (with a 
deuterium atom on C2, henceforth called D2 glucose) as the starting sugar substrate. The 
goal of these experiments were to study the mechanism of glucose isomerization (vide 
infra). Figure 5.2 shows the products profile for D2 glucose conversion in NMP using 
LPhAlMe2 (2e, 5 mol%) as catalyst. The reaction was investigated in the absence and 
presence of catalyst at 120 °C. In the absence of the catalyst, D2 glucose conversion was 
very low (<2%) after heating the reaction mixture for 1 h. In the presence of 2e, D2 glucose 
conversion increased gradually over time. In 4 min, conversion of 6% was achieved and 
increased up to 53% in 120 min. Compared to glucose conversion under similar reaction 
conditions, D2 glucose conversion was slower. For instance, 27% and 39% conversions 
were obtained from D2 glucose and glucose, respectively, in 20 min at 120 °C.  
In NMP, the main product from D2 glucose dehydration was fructose (in this case, 
fructose deuterated at C1, or fructose D1, vide infra). This shows that in NMP, complex 2e 
catalyzed isomerization of D2 glucose to fructose D1. Interestingly, moderate to high 
fructose D1 selectivity was obtained. Between 8 to 60 minutes, fructose D1 selectivity 
increased from 54% to 62%, but decreased with additional reaction time. Fructose 
selectivity observed for D2 glucose conversion was much lower than those obtained with 
unlabeled glucose. For example, in 12 minutes, fructose selectivity of 81% was obtained 
from glucose (Figure 5.1) but only 55% selectivity was achieved in D2 glucose. A 
maximum fructose yield of 27% was furnished at 120 °C after 120 min. It should be noted 
that no other water-soluble products were detected by HPLC. However, browning of the 
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insoluble solids, which accompany these reactions, was observed in reactions conducted at 
≥60 min, suggesting decomposition of the fructose to humins, consistent with decreased 
selectivity at longer reaction time. Results from these experiments will be useful in 
discussing the proposed mechanism for isomerization of glucose to fructose, described in 
the following section. 
 
 
Figure 5.2. Evolution of the reactant and products in the isomerization of D2 glucose in 
NMP. Reaction conditions: D2 glucose (0.28 mmol in 1.0 mL NMP), 5 mol % of LPhAlMe2 
(2e) catalyst, 120 °C. 
 
For the first time, we have demonstrated that a dimethyl aluminum complex bearing an 
(aminomethyl)phenolate ligand framework can efficiently isomerize glucose to fructose 
with high fructose selectivity (81%) in NMP solvent. Under comparable reaction 
conditions the aluminum complex used in our study (LPhAlMe2) afforded higher fructose 
selectivity than CrCl3·6H2O and SnCl4·5H2O (fructose selectivity of 47 and 26%, 
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respectively),199 LiBr (~63% fructose selectivity),241 Sn-beta and Ti-beta zeolites (about 
57% selectivity).225, 227 Our aluminum complex furnished fructose selectivity similar to 
AlCl3·6H2O (83% selectivity) 
199 (even though a reaction time of 180 min used is 22 times 
more than that of our system) and homogeneous linear polyethyleneimine catalysts (80% 
selectivity)330 but lower than 90% fructose selectivity achieved from Na- and K-exchanged 
X zeolites.331 Encouraged by the high fructose selectivity achieved in the LPhAlMe2-
catalyzed isomerization of glucose to fructose, we conducted further studies to investigate 
the mechanism of this process. A detailed discussion is given in the following section.   
 
 Mechanism of LPhAlMe2-catalyzed glucose isomerization to fructose 
The results explained above clearly demonstrate that LPhAlMe2 catalyzes glucose 
isomerization to fructose with high fructose selectivity in NMP. In this section, an 
investigation of how the aluminum complex facilitates isomerization of glucose to fructose 
in NMP is conducted, using nuclear magnetic resonance spectroscopy. Studies shows that 
catalytic isomerization of glucose to fructose in aqueous media could follow two pathways 
as shown in Scheme 1.4. The catalyst may act as a base facilitating a proton transfer 
mechanism involving an enediol intermediate, or as a Lewis acid that promotes an 
intramolecular C2 to C1 (from C2 of glucose to C1 of fructose, see below) hydride shift 
mechanism.226-227, 241  
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We conducted studies to examine the mechanism of fructose formation from glucose 
in NMP using LPhAlMe2 complex. We propose that the Lewis acid L
PhAlMe2 complex 
catalyzes glucose isomerization to fructose through a hydride transfer mechanism. To 
probe the hydride transfer proposition, we used isotopic labeling to investigate the 
mechanism. Knowing the pathway exhibited by the LPhAlMe2 complex is important 
because it will provide insight that will be helpful in developing highly efficient aluminum-
based catalysts that can isomerize monosaccharides with high selectivity. Moreover, the 
results from this study could provide new approaches for understanding the chemistry of 
well-defined aluminum complexes in carbohydrate chemistry.  
Glucose isomerization to fructose was studied by 1H and 13C NMR spectroscopy using 
isotopically labeled glucose [glucose deuterated at carbon position 2 (C2) (henceforth 
written as D2 glucose)] as the starting material. In aqueous solutions at room temperature, 
both unlabeled glucose and D2 glucose exists as two configurations, the β-pyranose and 
the α-pyranose (present in a 64:36 ratio). In unlabeled glucose, 13C NMR resonances for 
the carbon at position 2 (C2) are seen as two singlets at δ = 74.0 ppm for the β-pyranose 
conformer (βC2) and δ = 71.3 ppm for the α-pyranose form (αC2) (Figure 5.3). However, 
in D2 glucose, these resonances appear as low intensity 1:1:1 triplets at δ = 73.6 ppm (for 
the β-pyranose) and 71.0 ppm (for the α-pyranose), respectively. This phenomenon is 
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caused by the broadband proton decoupling universally used in standard 13C NMR 
experiments where the decoupling process simplifies 13C spectra by suppressing C–1H 
coupling, but not deuterium (C–2H) coupling. Consequently, the C2 resonances in 
unlabeled glucose appear as singlets since the C–1H decoupling is turned off, but in D2 
glucose the C2 carbon is coupled by the deuterium bound to it which changes both the 
multiplicity [using the 2nI + 1 rule, where n is the number of nuclei and I is the spin of the 
coupling nuclei (for deuterium, I = 1)] and chemical shifts. The low intensity of the triplets 
is as a result of disruption of the nuclear Overhauser enhancement (NOE) by the deuterium 
atom bound to C2 in D2 glucose.332  
 
 
Figure 5.3. Peak assignment of 13C NMR spectra of D2 glucose and glucose in D2O. α = 
α-pyranose and β = β-pyranose. C1 through C6 represent the position of the carbon in the 
ring structure. 
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Before conducting isotopic labeling experiments using labeled glucose, an initial 
reaction was conducted to confirm the stability of D2 glucose in NMP. D2 glucose was 
heated in NMP at 120 °C for 1 h in the absence of the LPhAlMe2 (2e) catalyst. After the 
reaction, the solvent was removed under reduced pressure and the resulting solids were 
analyzed by NMR. The 13C NMR spectrum of D2 glucose pristine sample was compared 
with the spectrum obtained for the D2 glucose isolated from the uncatalyzed NMP reaction 
and was found to be identical. This indicates that D2 glucose is stable and the C–D bond 
in D2 glucose is inert under our reaction conditions in NMP. Thus, the catalyst is 
responsible for any isotopic rearrangement that may occur within D2 glucose.  
In 1 mL of NMP, D2 glucose (4.61 wt %) was heated in the presence of 5 mol% (with 
respect to D2 glucose) of 2e at 120 °C for 30 minutes. In 30 min, deuterated fructose 
selectivity was still high (62%) with moderate D2 glucose conversion (38%) and 
decomposition of products to humins was still minimal (Figure 5.2). The reaction product 
was diluted with distilled water and the residual solid byproducts were filtered off, whereas 
the aqueous fraction was analyzed by HPLC. It is important to note that the only products 
observed by HPLC analysis were D2 glucose and deuterated fructose in 30 min. In order 
to analyze the filtered aqueous fraction by NMR, the solvent was removed under reduced 
pressure.  A 13C NMR spectrum of the dried product in D2O was obtained and compared 
with the 13C NMR spectra of control samples, that is, D2 glucose, unlabeled fructose, and 
unlabeled glucose (Figure 5.4). As shown in Figures 5.4a, and 5.4d, the 13C NMR spectrum 
of residual D2 glucose from the isomerization reaction is similar to standard D2 glucose, 
indicating that unreacted D2 glucose remained intact under the reaction conditions, 
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consistent with the results obtained from heating D2 glucose in the absence of the 
aluminum complex.  
A comparison of the 13C NMR resonances of unlabeled fructose standard and the 
fructose product from the isomerization reaction displayed significant differences (Figure 
5.4 and 5.5). In particular, the resonances at δ = 63.8 ppm and 62.6 ppm (showed by dotted 
lines) for the C1 position of β-pyranose and β-furanose tautomers of unlabeled fructose 
(used as a standard) are seen as low-intensity triplets (denoted with an asterisk) at δ = 63.5 
ppm and 62.3 ppm, respectively, for the fructose product from the isomerization reaction. 
In D2O, β-pyranose form of fructose constitutes about 68 % and β-furanose is 22 %
333-334, 
and this ratio accounts for the triplet at δ = 62.3 ppm being very low compared to that of 
the β-pyranose at δ = 63.5 ppm. An enlarged portion of the 13C NMR spectra in the δ = 70–
75 (left) and 60–65 (right) ppm range is shown in Figure 5.5. The glucose C2 region is 
bracketed with dashed lines on the left and the fructose C1 regions bracketed with dashed 
lines on the right. The respective peaks for glucose and fructose are labeled with dotted 
lines.  
The low intensity triplets of the C1 carbon of the fructose product (fructose-D1) shown 
by asterisks on the right side of Figure 5.5 are consistent with the absence of a NOE effect, 
as mentioned above, which implies that the fructose formed contains a deuterium atom at 
the C1 position. These observations clearly show that the deuterium atom at the C2 position 
of D2 glucose has shifted to the C1 position of the fructose product, demonstrating that the 
isomerization of glucose to fructose with the (aminomethyl)phenolate aluminum complex 
(LPhAlMe2, 2e) in NMP proceeded through an intramolecular hydride shift. Scheme 5.1 
shows the proposed mechanism for the intramolecular hydride shift, similar to that 
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described in Scheme 1.4. It must be pointed out that glucose in NMP may contain both the 
cyclic and open chain structures in different proportions. During LPhAlMe2–catalyzed 
isomerization, cyclic glucose undergoes a ring opening before it is isomerized to fructose 
through an intramolecular hydride shift. Once fructose is formed, ring closure occurs to 
complete the process. The equilibrium between the cyclic and open chains structures is 
expected to affect the rate of the reaction.   
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Figure 5.4. 13C NMR spectra of (a) labeled glucose (D2 glucose), (b) unlabeled glucose, 
(c) unlabeled fructose, and (d) sugar fraction after reaction in NMP using catalyst 2e. The 
bracketed parts show the spectral regions consisting of glucose C2 and fructose C1.
  
 
  
2
1
8
 
 
Figure 5.5. Magnification of the 13C NMR spectra in Figure 5.4 within the regions δ = 70.5–75 ppm (left) and δ = 60–55 ppm 
(right). (a) labeled glucose (D2 glucose), (b) unlabeled glucose, (c) unlabeled fructose, and (d) sugar fraction after reaction in NMP 
using catalyst 2e. 
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Scheme 5.1. Proposed pathway for isomerization of glucose to fructose. The H shown in 
bold is transferred from C2 of glucose to C1 of fructose. 
 
The 1H NMR spectra of the isomerization product also supported the presence of a 
deuterium atom at the C1 position of fructose. Specifically, the 1H NMR spectrum of 
unlabeled fructose standard was different from the fructose D1 obtained from the 
isomerization reaction (Figure 5.6). In D2O, 
1H NMR resonances for the hydrogens on C1 
for β-furanose and β-pyranose tautomers of fructose appear in the 3.5–3.6 ppm range. The 
fructose product (fructose D1) did not show the resonance at δ = 3.61 ppm (for the β-
furanose tautomer proton at C1 position in unlabeled fructose) due to the formation of a 
C–D bond at the C1 of fructose suggesting that the deuterium at C2 of glucose shifted to 
the C1 of fructose through an intramolecular 1,2-hydride transfer. Moreover, the 1H NMR 
spectrum of the fructose D1 product displays signals similar to those of fructose in the 3.96 
to 4.15 ppm range. Signals at 4.12 and 4.11 ppm representing the hydrogens at C3 and C4 
of the β-furanose tautomer, respectively are observed in 1H NMR. Similarly, the presence 
of the β-pyranose tautomer of fructose is shown by resonances in the 3.99 to 4.12 ppm 
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range attributed to the protons at C5 and C6 positions. These results and observations 
supports that LPhAlMe2 catalyze glucose to fructose through an intramolecular 1,2-hydride 
transfer mechanism, comparable to literature reports on Sn-Beta- and Lewis acid metal 
salts-catalyzed glucose isomerization in aqueous media,226, 240-241, 335 even though their 
reactivity are different. 
 
Figure 5.6. 1H NMR spectra of (a) labeled glucose (D2 glucose), (b) unlabeled glucose, 
(c) unlabeled fructose, and (d) sugar fraction after reaction in NMP and catalyst 2e.  
 
 Kinetic isotope effect determination 
Using isotopic labeling, we demonstrated that the LPhAlMe2 complex catalyzes glucose 
isomerization to fructose through an intramolecular 1,2-hydride transfer (Scheme 5.1). 
Glucose isomerization to fructose catalyzed by Lewis acids is usually composed of three 
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major steps, namely; ring opening of glucose, hydride transfer to form fructose, and ring 
closure of fructose. We have also observed that D2 glucose can be isomerized to fructose 
D1, and that D2 glucose conversion is slower than unlabeled glucose conversion. This 
observation is consistent with the 1,2-hydride transfer mechanism, where the C–H bond in 
glucose requires less energy to break than the C–D bond in D2 glucose. The results further 
suggest that the hydride transfer is the rate-determining step in glucose to fructose 
isomerization. 
To confirm that glucose isomerization to fructose follows a hydride transfer mechanism 
and determine if the transfer is the rate-determining step, we conducted kinetic experiments 
to find out if a kinetic isotope effect (KIE) for the hydride transfer exists when using labeled 
and unlabeled glucose. A KIE refers to the change in the rate of a chemical reaction when 
one atom in the reactants is replaced by one of its isotopes.336-337 KIE is a very important 
and sensitive tool used in in the study of reaction mechanisms. It provides important 
information about the mechanism of a reaction under investigation and can also be used to 
improve desirable qualities of such reactions. A KIE is obtained by finding the ratio of the 
rate constants for glucose conversion (kH) and D2 glucose conversion (kD), that is, KIE = 
kH/kD.  
Experiments in which glucose and D2 glucose were used as the reactants were 
conducted for KIE determination. In a typical experiment, 50 mg of glucose or D2 glucose 
was dissolved in 1 mL of NMP and heated at 120 °C for a specified time in the presence 
of 5 mol % of catalyst 2e. The experiments were run for short reaction times when the 
selectivity for fructose was still high and at low glucose or D2 glucose conversion. At short 
reaction times, decomposition of reactants and products to humins is negligible. Reaction 
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profiles at low glucose conversion were generated and used to calculate reaction rate 
constants.  
The kinetic model used for glucose conversion is shown in Scheme 5.2. Glucose can 
be converted either to fructose or decomposition products such as humins. Loss of fructose 
to decomposition products can also occur. The following assumptions were made: (1) the 
kinetic model uses first-order approach where glucose and D2 glucose disappearance is 
fitted to a first order rate expression, (2) all reactions are irreversible, (3) all by-products 
are considered as decomposition products, and (4) the main product of glucose conversion 
is fructose and other possible reactions are negligible.  
 
 
Scheme 5.2. Schematic showing glucose isomerization and decomposition. 
 
From a pseudo first-order point of view, the rate (R) of glucose or D2 glucose 
isomerization/decomposition and fructose decomposition is defined by equations (1), 
where CG is the concentration of glucose or D2 glucose in mol·L
-1. 
  GG CkkR 21                              (1) 
The following differential equations are obtained, based on the rate of the reactions. 
  G
G Ckk
dt
dC
21                        (2) 
Let 21 kkkG                               (3) 
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where kG is the kinetic rate constants of glucose conversion. From the assumptions stated 
above, kG≈k1, since k1≫k2. 
Upon integration of equation (2), the following expression for glucose concentration 
(equation 4) was obtained, where CG,0 is the concentration of unlabeled glucose or D2 
glucose at time, t = 0. 
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Reaction profiles at low glucose conversion (at conversion below 35% when fructose 
selectivity was still high, that is, >79%; i.e., glucose loss to decomposition products is 
minimal and thus accurate rate constants can be obtained) were used to calculate the 
reaction rate constants, kG, using equation (4) by plotting the natural logarithm of (reactant 
concentration/initial reactant concentration, time = 0) versus time, in minutes, for glucose 
and D2 glucose. The rate constants will be denoted as kH and kD for glucose and D2 glucose 
conversion, respectively. Figure 5.7 shows reaction profiles of glucose and D2 glucose 
conversion in NMP after heating at 120 °C in the presence of 5 mol % of LPhAlMe2 
complex. The profiles shown in Figure 5.7 were used to calculate the reaction rate constants 
by fitting glucose and D2 glucose disappearance to a first order rate expression shown in 
equation 4, and the results are plotted in Figure 5.8.   
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Figure 5.7. Profiles of glucose and D2 glucose isomerization using LPhAlMe2 complex. 
Reaction conditions: 5 mol % catalyst, 0.28 mmol glucose in 1 mL NMP, 120 °C.  
 
As shown in Figure 5.7, glucose conversion is almost twice as much as D2 glucose 
conversion. This is consistent with the hydride transfer mechanism discussed above, where 
the C–D bond requires more energy to break compared to the C–H bond. The slope of the 
graphs in Figure 5.8 is equal to the rate constant for glucose and D2 glucose conversion, 
where kH = 0.0286 ±0.0004 min-1 and kD = 0.0169 ±0.0004 min-1. A KIE of 1.69 ±0.05 
was obtained, which is indicative of a primary kinetic isotope effect. A primary KIE is 
observed when the rate-determining step involves the cleavage of a bond involving the 
isotope to form the product.337 The KIE value obtained is comparable to the previously 
reported value of 1.77 for CrCl3- and AlCl3-catalyzed glucose isomerization reaction at 
140 °C.240 These results confirms our proposal that the intramolecular hydride transfer is 
the rate-determining step in the isomerization of glucose to fructose.  
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Figure 5.8. -ln(CG/CG,0) versus time for glucose conversion (black line) and D2 glucose 
conversion (red line). 
 
 Effects of additives on glucose conversion in NMP 
We have shown that LPhAlMe2 (2e) complex catalyzes the isomerization of glucose to 
fructose in NMP with very high selectivity. However, the reaction conditions in NMP does 
not favor formation of HMF. As demonstrated in Chapter 2 and 3, the aluminum 
precatalysts catalyzed glucose isomerization to fructose whereas the dehydration of 
fructose to HMF is promoted by the ionic liquid halide anions, which are absent in NMP 
reactions. We thought that if an anion source is introduced into the glucose reactions in 
NMP, there is a likelihood that the fructose formed with high selectivity would be 
converted to HMF. Consequently, we conducted glucose dehydration experiments in NMP 
with the addition of anhydrous lithium bromide (LiBr) and anhydrous potassium bromide 
(KBr). The LiBr and KBr were chosen as a source of halide anions based on the 
effectiveness of Br– in promoting fructose dehydration. Compared to chloride the bromide 
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anion is a better nucleophile and good leaving group and these properties are important in 
fructose dehydration.  
Glucose (4.60 wt%) dehydration experiments were conducted using 5 mol% of 
complex 2e in NMP at 120 °C in the presence of 10 wt % (relative to the total mass of the 
reaction mixture) of the salt additives, and the results are presented in Table 5.1. Compared 
to the reactions without any additives, glucose conversion was faster in the presence of 
LiBr. For example, 71% glucose was converted after 30 min in the presence of 10 wt% 
LiBr (relative to the total mass of the reaction mixture) but only 48% glucose conversion 
was achieved without the additive (Table 5.1 entries 1 and 3). Glucose conversion quickly 
increased with reaction time when 10 wt % LiBr was added, reaching 97% after 240 min.  
 
Table 5.1. Glucose conversion using aluminum catalyst LPhAlMe2 (2e) in 1.0 mL NMP 
with salt additivesa.  
Entry Additive  
Time 
(min) 
Glucose 
Conversion 
(%) 
Fructose 
Yield 
(%) 
HMF 
Selectivity 
(%) 
HMF 
Yield 
(%) 
1 None 30  48   34     0     0 
2b LiBr     30  56   18   19   11 
3 LiBr     30  71   10   33   23 
4 LiBr     60  88     8   37   32 
5 LiBr 120  95     4   41   38 
6 LiBr 240  97     0   42   41 
7 KBr     10  32    21   <1   <1 
8 KBr     20  43    25     2     1 
9 KBr     30  51    31     4     2 
10 KBr     45  54    31     8     4 
11 KBr     60  57    30           9     5 
12 KBr 120  71    22   15   11 
13c KBr 120  21      9     0     0 
aReaction conditions: 5 mol % LPhAlMe2 (2e), 10 wt% of additive (relative to the total 
mass of the reaction mixture), 4.60 wt% (0.28 mmol) glucose, 120 °C. b10 wt% equimolar 
of LiBr and glucose, cuncatalyzed reaction. 
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When KBr (10 wt% relative to the total mass of the reaction mixture) was used as the 
additive, glucose conversion was slower than in the presence of a similar amount of LiBr. 
In 60 min, 88% glucose conversion (Table 5.1, entry 3) was achieve with LiBr additive 
whereas only 57% glucose conversion (Table 5.1, entry 11) was attained with KBr. 
However, glucose conversion in the presence of KBr is comparable to reactions conducted 
without any additives (Table 5.1 entries 9–12 and Figure 5.1). It is important to note that 
at the end of the reaction, some undissolved KBr was seen in the reaction vial. Thus, the 
low glucose conversion in the presence of KBr may be attributed to the poor solubility of 
KBr in the reaction mixture. The mole ratio of the additive also affected glucose 
conversion. For example, a glucose conversion of 56% was achieved in 30 min in the 
presence of an equimolar amount of LiBr and glucose (Table 5.1 entry 2). However, in the 
presence of 10 wt% LiBr (relative to the total mass of the reaction mixture), 71% of glucose 
was converted (Table 5.1 entry 3).  
More importantly, in the presence of the salt additives the fructose obtained from 
glucose isomerization was converted to HMF. Compared to KBr, LiBr was more effective 
in the dehydration of fructose into HMF. For instance, HMF yields of 23% and 2% were 
obtained in the presence of 10 wt % of LiBr and KBr, respectively, after 30 min at 120 °C 
(Table 5.1, entries 5 and 12). In the presence of LiBr, HMF yield increased gradually as 
the reaction time increases peaking at 41% in 240 minutes. This clearly shows that the 
bromide anions effected the dehydration of fructose to HMF. As shown in Table 5.1, not 
all the fructose that was formed from glucose converted to HMF. Nevertheless, fructose 
yield was low in reactions where LiBr was the additive, and the yield decreased over time, 
with only 4% fructose detected after 120 minutes. Despite slightly lower fructose 
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selectivity, reactions containing KBr as the additive gave fructose yields comparable to 
reactions without additives, with minimal decrease over time. For example, in the first 60 
min of reaction, fructose yield remained at about 30%, and only reduced to 22% after 120 
min.  
Glucose and fructose dehydration to HMF has been demonstrated to proceed in the 
presence of additives and co-catalysts. In an effort to promote the formation of HMF from 
glucose and fructose, Binder and Raines investigated the effects of ionic liquids and metal 
salts as additives/co-catalysts in sugar dehydration reactions.58 It was shown that lithium 
and potassium bromide salt additives afforded exceptionally high HMF yields in DMA due 
to a balance of better nucleophilicity and good leaving group properties of bromide anions 
compared to salts containing chloride or fluoride anions.  
Clearly, LiBr is better than KBr as an additive for enhancing glucose conversion to 
HMF. Since the salts used as additives contain the same anion, their differences in 
promoting HMF formation may be attributed to the ionic radius of the cations and solubility 
in NMP. The ionic radius of K+ is more than twice that of Li+. While this study only 
investigated two types of additives, the effect of cation radii on glucose conversion to HMF 
is reported in literature. Li and coworkers investigated a series of metal salts in glucose 
dehydration and discovered that HMF yield decreased with an increase in the ionic radii of 
cations in the metal salts.338 It was argued that a cation with a smaller ionic radius exhibited 
a stronger electrostatic attraction for glucose molecules due to their higher effective surface 
charge density. This kind of interaction might be contributing to the effectiveness of LiBr 
additive. The solubility of KBr in NMP could also explain the low performance of KBr in 
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enhancing fructose dehydration. Certainly, additional studies need to be conducted to 
optimize the amounts of additives necessary to obtain high HMF yield.  
5.4. Conclusion 
In this Chapter, we have demonstrated that the LPhAlMe2 complex is an effective 
catalyst for the isomerization of glucose to fructose in NMP. Fructose selectivity >80% 
were obtained at very short reaction times. To the best of our knowledge, these results are 
the best reported so far for aluminum-based catalysts in NMP. Interestingly, glucose was 
not converted to HMF in NMP suggesting that the reaction proceeds differently compared 
to similar reactions in ionic liquids. Using 1H and 13C NMR spectroscopy on isotopically 
labelled glucose (D2 glucose), we demonstrated that the isomerization of glucose to 
fructose mechanism involved an intramolecular hydride transfer from the C2 to C1 of 
glucose, forming fructose with a deuterium atom at C1, when deuterated glucose is used. 
The rate of glucose isomerization was found to be almost twice as fast that of D2 glucose. 
A primary kinetic isotope effect (KIE) of 1.69±0.05 was obtained. The KIE confirms that 
a hydride transfer from the C2 position of glucose to the C1 position is the rate-determining 
step in the isomerization of glucose to fructose. 
We also demonstrated that the addition of LiBr and KBr as additives enhanced 
dehydration of glucose to HMF. Reaction rates were much faster in the presence of LiBr 
compared to reactions containing KBr or without any additives. KBr was found to be 
insoluble in the reaction media, which could be the main reason for poor reactivity. Using 
LPhAlMe2 complex an HMF yield of 41% was obtained from glucose after 4 h in the 
presence of LiBr in NMP, which is comparable to the results obtained in ionic liquids. 
Results from this study provide a lot of insight that can be used to further investigate the 
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catalytic activity of aluminum complexes in sugar dehydration reactions involving organic 
solvents as well as potential of applying these systems in aqueous or biphasic reaction 
media.     
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 Conclusions and future research 
6.1. Conclusions 
In the course of this study, the dehydration of monosaccharides into 5-
(hydroxymethyl)furfural (HMF) by using aluminum precatalysts bearing bidentate 
(aminomethyl)phenolate ligands (LRAlX2) has been demonstrated. We also showed that 
the catalytic activity of the aluminum compounds can be tuned via modification of the 
ligand framework. In Chapter 2, we demonstrated that the substituents on the amino group 
of the (aminomethyl)phenolate ligand is crucial in determining the effectiveness of the 
catalyst in converting glucose to HMF. We found that LRAlMe2 complexes 2e-g, which 
contain aryl substituents on the amino group are efficient catalysts for glucose dehydration 
in ionic liquid solvents to give HMF. The ionic liquid used was also found to affect the 
product distribution of the dehydration reactions. In ionic liquids with bromide anions, such 
as [EMIM]Br and [BMIM]Br, glucose dehydration proceeded with very high conversion 
to produce HMF with 60-63% selectivity and HMF yield of 58-60%. In ionic liquids with 
chloride anions, such as [EMIM]Cl, both the HMF selectivity and yield were lower, up to 
54% and 49%, respectively. The HMF selectivity of glucose dehydration decreased as the 
concentration of the aluminum catalyst was increased from 5 to 20 mol%. In the glucose 
dehydration reactions conducted, no other soluble products (aside from glucose, fructose, 
and/or HMF) were detected by HPLC analysis of the supernatants obtained after aqueous 
workup of the reaction mixtures. However, formation of insoluble dark solids (humins) 
commonly accompanied these reactions. Thus, the HMF selectivity of LRAlMe2-catalyzed 
glucose dehydration appears to be limited by competing reactions resulting in humins 
formation.  
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The good yield of HMF (60%) obtained from LPhAlMe2-catalyzed glucose dehydration 
in ionic liquids is encouraging, as is our finding that the catalytic efficiency of LRAlMe2 
complexes can be tuned via modification of the (aminomethyl)phenolate ligand. The 
findings from this study are useful toward developing better understanding of the 
relationship between the structure and function of aluminum catalysts for glucose (and 
ultimately cellulose) conversion into HMF. Furthermore, the LRAlMe2 precatalyts 
developed in this study performed better in converting glucose to HMF than the 
ubiquitously reported AlCl3 and aluminum alkyl or alkoxy compounds. Parenthetically, 
LRAlMe2 precatalysts are well-defined species whose electronic and steric properties can 
be systematically varied while commonly used AlCl3 and Al(OR)3 compounds produce 
solutions containing equilibrium mixtures of species, often with ill-defined structure, 
which makes tuning of their Lewis acidity and reactivity challenging.  
In Chapter 3, we further demonstrated that efficient catalysts for the dehydration of 
glucose and fructose into HMF in ionic liquids could be obtained by variation of 
substituents on the phenoxy moiety of LPhAlMe2 complexes. Substitution of tert-butyl and 
methyl substituents on the ortho and para positions of the phenoxide ring of our 
(aminomethyl)phenolate ligands with bulky cumyl substituents gave precatalysts 6 and 7; 
both of which converted glucose to HMF in high yield. Specifically, complex 7 achieved 
HMF selectivity and yield of 74% and 58%, respectively, from glucose dehydration in 
[EMIM]Cl after 2 h at 120 °C, which was much higher than that obtained from complex 
2e with less bulky substituents on the phenoxide moiety. Relative to complex 7, lower 
HMF selectivity and yield (55% and 44%, respectively) were achieved from glucose 
dehydration using complex 6 in [EMIM]Cl. Comparable glucose conversion was achieved 
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from both 6 and 7 in all the ionic liquids tested. However, higher HMF selectivity and yield 
was obtained from ionic liquids containing bromide ions. Glucose dehydration in 
[BMIM]Br for 4 h gave an HMF yield of 60% in the presence of 6 and 7, whereas yields 
of 52% and 55% were achieved in [EMIM]Br, using 6 and 7, respectively.  
LPhAlCl2 (8), bearing more electron-withdrawing chloride ligands relative to methyl 
ligands, exhibited poor selectivity for HMF from fructose. Moreover, very fast rates of 
glucose degradation were observed in the presence of this catalyst. We found that in the 
presence of 8, fructose dehydration afforded similar HMF selectivity as for uncatalyzed 
reactions, and that HMF loss was minimal. This shows that complex 8 is not effective in 
isomerization of glucose to fructose, but it efficiently converts fructose to HMF. Compared 
to 8, AlCl3 was not effective in converting both glucose and fructose to HMF, presumably 
due instability of HMF in the presence of AlCl3. AlCl3 appeared promote accelerated 
decomposition of reaction products to humins. 
Dehydration of fructose to HMF in ionic liquids showed that HMF selectivity was 
higher in the absence of LPhAlMe2 complexes compared to aluminum-catalyzed reactions. 
In uncatalyzed reactions conducted in [BMIM]Br, HMF selectivity of 92% was achieved 
at 99% fructose conversion in 1 h. On the other hand, LPhAlMe2–catalyzed reaction 
afforded HMF selectivity of only 74% at similar fructose conversion. The presence of the 
catalyst appeared to enhance HMF decomposition. A huge difference between the rates of 
glucose and fructose conversion was observed, with fructose conversion being 
significantly faster. The slow step of glucose conversion catalyzed by LPhAlMe2 complexes 
is the isomerization of glucose to fructose, while HMF selectivity and yield are determined 
by HMF selectivity of the fructose dehydration step. Therefore, the very fast fructose 
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dehydration must be selective to HMF in order to achieve better HMF yield from glucose 
dehydration. The humins generated from glucose and fructose dehydration reactions were 
characterized by FTIR and Raman spectroscopy and were found to incorporate HMF 
structures, an indication that aldol addition and condensation reactions of HMF with 
intermediates formed through rehydration of HMF were involved in the formation humins. 
The structural differences between complex LMeAlMe2 (2a), which was poor in 
glucose-to-HMF conversion, and LPhAlMe2 (2e), which efficiently converted glucose to 
HMF, was determined using NMR spectroscopy in Chapter 4. The goal for this study was 
to understand the difference in reactivity/catalytic efficiency between 2a and 2e in 
converting glucose to HMF. After the reactions of the two complexes with the ionic liquid, 
[EMIM]Cl, 27Al NMR spectroscopy revealed that these complexes form penta-coordinate 
aluminum complexes, suggesting that the chloride anion from the ionic liquid binds to the 
aluminum metal. Instead of the four benzylic and methylene protons observed from 1H 
NMR of 2a, two broad singlets were observed upon reaction of 2a with [EMIM]Cl, 
suggesting that the nitrogen atom of [LPhAlMe2Cl]
–[EMIM]+ complex formed underwent 
an on and off dissociation from the metal center. Upon dissociation, the amino group can 
rotate before binding to the metal center. This phenomenon effectively averages the 
chemical shifts of the benzylic/methylene protons and the Al-CH3 resonances. The 
[LMeAlMe2Cl]
–[EMIM]+ complex showed not major difference from 2a, suggesting that 
the amino nitrogen is strongly bound to the metal center. These results are indicative of 
formation of different reaction intermediates in an ionic liquid environment. The 
dissociation of the ligand appears to be a key step in the formation of effective catalytic 
species for glucose conversion to HMF. 
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The products obtained from reaction of glucose-like molecules (3,5-di-tert-
butylcatechol) with 2a and 2e displayed similar characteristics in which the 
(aminomethyl)phenolate ligand remains bound to the metal when 2a is used. A complex 
with two catechol groups and the (aminomethyl)phenolate ligand are bound to the 
aluminum center was proposed. However, the ligand completely dissociated off of the 
metal center when 2e was reacted with catechol. Based on NMR data, we proposed the 
formation of a tris-(3,5-di-tert-butylcatecholate) aluminum complex. We also found that 
LPhAlMe2-catalyzed glucose dehydration in [EMIM]Cl in the presence of 3,5-di-tert-
butylcatecholate (3,5-DTBC) gave lower HMF selectivity compared to reactions without 
the catechol, due to loss of HMF through rehydration to levulinic acid and formic acid, and 
presumably due to competing reaction between glucose and 3,5-DTBC in binding to the 
aluminum complex that makes some of the aluminum complex unavailable for dehydration 
reactions.  
In Chapter 5, we demonstrated that the LPhAlMe2 complex is an effective catalyst for 
the isomerization of glucose to fructose in NMP. Fructose selectivity >80% were obtained 
at very short reaction times. To the best of our knowledge, these results are the best reported 
so far for aluminum-based catalysts in NMP. Interestingly, glucose was not converted to 
HMF in NMP, suggesting that the reaction proceeds differently than in ionic liquids. Using 
1H and 13C NMR spectroscopy on isotopically labelled glucose (D2 glucose), we 
demonstrated that the mechanism of glucose to fructose isomerization involved an 
intramolecular hydride transfer from the C2 to C1 of glucose; fructose with a deuterium 
atom at C1 was formed when D2 glucose was used. Glucose conversion was found to be 
almost twice as fast that of D2 glucose. A primary kinetic isotope effect (KIE) of 1.69±0.05 
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was obtained. The KIE confirms that the hydride transfer from the C2 position of glucose 
to the C1 position is the rate-determining step in the isomerization of glucose to fructose. 
We also demonstrated that the addition of LiBr and KBr as additives enhanced 
dehydration of glucose to HMF. Reaction rates were much faster in the presence of LiBr 
compared to reactions containing KBr or without any additives. KBr was found to be 
insoluble in the reaction media, which could be the main reason for poor reactivity. Using 
LPhAlMe2 an HMF yield of 41% was obtained from glucose after 4 h in the presence of 
LiBr in NMP, which is comparable to the results obtained in ionic liquids. Results from 
this study provide a lot of insight that can be used to further investigate the catalytic activity 
of aluminum complexes in sugar dehydration reactions involving organic solvents as well 
as potential of applying these systems in aqueous or biphasic reaction media.   
 
6.2. Future research 
The findings from this research opens new and interesting areas that can be pursued to 
achieve high HMF and/or fructose selectivity and yield from aluminum-catalyzed 
dehydration of monosaccharides. Whether it is dehydration of glucose to HMF or 
isomerization of glucose to fructose, the aluminum complexes presented in this study can 
be further tuned to obtain more effective catalysts for sugar dehydration. Investigation the 
reactivity of the dimethyl aluminum (aminomethyl)phenolate complexes (LRAlMe2) with 
more complex carbohydrate substrates such as polysaccharides and oligosaccharides and 
cellulose can be conducted. 
We discovered that the LPhAlMe2 complex catalyzed the isomerization of glucose to 
fructose in NMP. We further demonstrated that additives such as LiBr and KBr achieve 
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HMF production from glucose in NMP solvent. We proposed that the anions facilitated the 
dehydration of fructose into HMF. The potential of optimizing HMF formation from 
LRAlMe2-catalyzed glucose conversion in NMP can be achieved by further studies on 
various metal halide additives. Investigation of the molar ratio of different halide additives, 
their solubility in NMP, and HMF stability in the presence of these cocatalysts would be 
useful in the optimization of the role of the additives. An alternative approach would be to 
develop a two-step process in which a Brønsted acid is introduced into the NMP reaction 
mixture after isomerization of glucose is accomplished by the LPhAlMe2 complex. Studies 
show that Brønsted acids such as H2SO4 are effective in dehydration of fructose to HMF. 
The choice of the acid to use should be carefully selected because in acidic media, HMF is 
known to undergo rehydration to form levulinic and formic acid. Similarly, ionic liquids 
such as [BMIM]Br, which are effective in catalyzing dehydration of fructose to HMF, may 
also be added in catalytic amounts to facilitate fructose dehydration.  
The origin of the difference in the catalytic activity of complexes 2a and 2e in 
converting glucose to HMF was probed by showing that the loss of the 
(aminomethyl)phenolate ligand was essential is obtaining an active catalyst. However, we 
were not successful in synthesizing a pure aluminum catecholate compound to demonstrate 
the actual coordination of the catechol derivatives on the metal center. A complete and 
conclusive characterization of aluminum catecholate complexes can be carried out. Further 
investigation of these complexes are necessary in order to get additional insights for 
understanding of mechanism of LRAlMe2-catalyzed glucose dehydration to HMF. These 
studies may be conducted using other glucose-like molecules such as cis-1,2-
cyclohexanediol. 
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While the use of homogeneous aluminum catalysts offers several advantages such as 
easy tuning of the catalyst, better understanding of the reaction mechanism(s), and less 
experimental design and process considerations, heterogeneous catalyst can also be 
investigated. The advantages of heterogeneous catalysts (such as easy and inexpensive 
removal of the catalyst from the reaction mixture, recyclability, the ability to modify the 
catalyst surface properties, and tolerance to high reaction temperatures.) can be utilized in 
LRAlMe2 complexes to maximize HMF selectivity and yields from carbohydrate 
conversion. Silane-based ionic liquids can be immobilized into mesoporous silica supports 
and these ionic liquid fragments can be covalently grafted to the (aminomethyl)phenolate 
ligand system. The addition of aluminum into this system would potentially generate stable 
heterogeneous aluminum catalysts in nanoscale pores. By following this catalyst design 
process, a reaction environment on the surface of the nanopores resembling the 
homogeneous ionic liquid environment is created. The reactivity of resulting immobilized 
aluminum catalysts on sugar dehydration to HMF can then be investigated. 
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APPENDIX 
Table A.1.  Atomic coordinates (× 10–4) and equivalent isotropic displacement 
parameters (Å2 × 103) for 2a.  
Atom x y z U(eq) 
Al(1) 6517(1) 96(1) 1572(1) 25(1) 
N(1) 7504(1) 11(1) 2680(1) 24(1) 
O(1) 5373(1) 1135(1) 1716(1) 27(1) 
C(1) 5122(1) 1613(1) 2367(1) 24(1) 
C(2) 3807(1) 2093(1) 2396(1) 27(1) 
C(3) 2608(1) 2018(1) 1709(1) 32(1) 
C(4) 2203(2) 847(1) 1557(1) 39(1) 
C(5) 3052(2) 2510(1) 981(1) 38(1) 
C(6) 1294(2) 2613(1) 1869(1) 42(1) 
C(7) 3638(1) 2604(1) 3081(1) 29(1) 
C(8) 4679(2) 2656(1) 3726(1) 29(1) 
C(9) 4404(2) 3193(1) 4458(1) 36(1) 
C(10) 5947(1) 2164(1) 3682(1) 27(1) 
C(11) 6179(1) 1640(1) 3015(1) 24(1) 
C(12) 7585(1) 1130(1) 2983(1) 25(1) 
C(13) 6702(1) -705(1) 3142(1) 28(1) 
C(14) 7277(2) -824(1) 3992(1) 30(1) 
C(15) 6700(2) -248(1) 4545(1) 34(1) 
C(16) 7209(2) -372(1) 5326(1) 42(1) 
C(17) 8309(2) -1067(2) 5564(1) 48(1) 
C(18) 8878(2) -1649(2) 5019(1) 47(1) 
C(19) 8353(2) -1540(1) 4240(1) 38(1) 
C(20) 8964(1) -386(1) 2695(1) 30(1) 
C(21) 5503(2) -1227(1) 1300(1) 39(1) 
C(22) 7877(2) 538(2) 925(1) 43(1) 
 
Table A.2.  Bond lengths (Å) and angles (deg) for 2a. 
 
Atoms Bond length Atoms Bond length 
      Al1A1-O1A1 1.7562(10) Al1B2-C31B2 1.9631(14) 
Al1A1-C31A1 1.9518(14) Al1B2-N1B2 2.0643(12) 
Al1A1-C32A1 1.9641(14) O1B2-C1B2 1.3386(16) 
Al1A1-N1A1 2.0812(11) N1B2-C25B2 1.4717(17) 
O1A1-C1A1 1.3420(15) N1B2-C17B2 1.5046(16) 
N1A1-C25A1 1.4743(16) N1B2-C18B2 1.5174(17) 
N1A1-C17A1 1.5110(16) C1B2-C16B2 1.400(2) 
N1A1-C18A1 1.5177(16) C1B2-C2B2 1.4101(19) 
C1A1-C16A1 1.4046(18) C2B2-C12B2 1.396(2) 
C1A1-C2A1 1.4131(18) C2B2-C3B2 1.529(2) 
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C2A1-C12A1 1.3916(18) C3B2-C4B2 1.5387(19) 
C2A1-C3A1 1.5335(19) C3B2-C11B2 1.541(2) 
C3A1-C4A1 1.5382(19)       C3B2-C10B2 1.543(2) 
C3A1-C10A1 1.5415(18) C4B2-C9B2 1.391(2) 
C3A1-C11A1 1.5423(19) C4B2-C5B2 1.397(2) 
C4A1-C9A1 1.3906(19) C5B2-C6B2 1.388(2) 
C4A1-C5A1 1.3976(19) C5B2-H5B2 0.95 
C5A1-C6A1 1.385(2) C6B2-C7B2 1.380(2) 
C5A1-H5A1 0.95 C6B2-H6B2 0.95 
C6A1-C7A1 1.383(2) C7B2-C8B2 1.382(2) 
C6A1-H6A1 0.95 C7B2-H7B2 0.95 
C7A1-C8A1 1.385(2) C8B2-C9B2 1.390(2) 
C7A1-H7A1 0.95 C8B2-H8B2 0.95 
C8A1-C9A1 1.392(2) C9B2-H9B2 0.95 
C8A1-H8A1 0.95 C10B2-H10A2 0.98 
C9A1-H9A1 0.95 C10B2-H10B2 0.98 
C10A1-H10A1 0.98 C10B2-H10C2 0.98 
C10A1-H10B1 0.98 C11B2-H11A2 0.98 
C10A1-H10C1 0.98 C11B2-H11B2 0.98 
C11A1-H11A1 0.98 C11B2-H11C2 0.98 
C11A1-H11B1 0.98 C12B2-C13B2 1.391(2) 
C11A1-H11C1 0.98 C12B2-H12B2 0.95 
C12A1-C13A1 1.395(2) C13B2-C15B2 1.386(2) 
C12A1-H12A1 0.95 C13B2-C14B2 1.509(2) 
C13A1-C15A1 1.388(2) C14B2-H14A2 0.98 
C13A1-C14A1 1.5103(19) C14B2-H14B2 0.98 
C14A1-H14A1 0.98 C14B2-H14C2 0.98 
C14A1-H14B1 0.98 C14B2-H14D2 0.98 
C14A1-H14C1 0.98 C14B2-H14E2 0.98 
C15A1-C16A1 1.3937(18) C14B2-H14F2 0.98 
C15A1-H15A1 0.95 C15B2-C16B2 1.3934(19) 
C16A1-C17A1 1.5077(18) C15B2-H15B2 0.95 
C17A1-H17A1 0.99 C16B2-C17B2 1.5048(19) 
C17A1-H17B1 0.99 C17B2-H17A2 0.99 
C18A1-C19A1 1.5133(18) C17B2-H17B2 0.99 
C18A1-H18A1 0.99 C18B2-C19B2 1.5089(19) 
C18A1-H18B1 0.99 C18B2-H18A2 0.99 
C19A1-C20A1 1.3943(19) C18B2-H18B2 0.99 
C19A1-C24A1 1.396(2) C19B2-C24B2 1.389(2) 
C20A1-C21A1 1.389(2) C19B2-C20B2 1.3934(19) 
C20A1-H20A1 0.95 C20B2-C21B2 1.389(2) 
C21A1-C22A1 1.384(2) C20B2-H20B2 0.95 
C21A1-H21A1 0.95 C21B2-C22B2 1.379(2) 
C22A1-C23A1 1.383(2) C21B2-H21B2 0.95 
C22A1-H22A1 0.95 C22B2-C23B2 1.387(2) 
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C23A1-C24A1 1.390(2) C22B2-H22B2 0.95 
C23A1-H23A1 0.95 C23B2-C24B2 1.389(2) 
C24A1-H24A1 0.95 C23B2-H23B2 0.95 
C25A1-C26A1 1.3895(18) C24B2-H24B2 0.95 
C25A1-C30A1 1.3927(19) C25B2-C26B2 1.386(2) 
C26A1-C27A1 1.392(2) C25B2-C30B2 1.392(2) 
C26A1-H26A1 0.95 C26B2-C27B2 1.393(2) 
C27A1-C28A1 1.384(2) C26B2-H26B2 0.95 
C27A1-H27A1 0.95 C27B2-C28B2 1.376(2) 
C28A1-C29A1 1.386(2) C27B2-H27B2 0.95 
C28A1-H28A1 0.95 C28B2-C29B2 1.381(2) 
C29A1-C30A1 1.387(2) C28B2-H28B2 0.95 
C29A1-H29A1 0.95 C29B2-C30B2 1.385(2) 
C30A1-H30A1 0.95 C29B2-H29B2 0.95 
C31A1-H31A1 0.98 C30B2-H30B2 0.95 
C31A1-H31B1 0.98 C31B2-H31A2 0.98 
C31A1-H31C1 0.98 C31B2-H31B2 0.98 
C32A1-H32A1 0.98 C31B2-H31C2 0.98 
C32A1-H32B1 0.98 C32B2-H32A2 0.98 
C32A1-H32C1 0.98 C32B2-H32B2 0.98 
Al1B2-O1B2 1.7549(11) C32B2-H32C2 0.98 
Al1B2-C32B2 1.9510(15)   
 
Atoms Bond angles Atoms Bond angles 
O1A1-Al1A1-C31A1 109.27(6) C25B2-N1B2-C18B2 111.76(10) 
O1A1-Al1A1-C32A1 112.68(6) C17B2-N1B2-C18B2 110.71(10) 
C31A1-Al1A1-C32A1 119.62(7) C25B2-N1B2-Al1B2 107.25(8) 
O1A1-Al1A1-N1A1 96.92(4) C17B2-N1B2-Al1B2 104.77(8) 
C31A1-Al1A1-N1A1 107.81(6) C18B2-N1B2-Al1B2 110.66(8) 
C32A1-Al1A1-N1A1 107.99(5) O1B2-C1B2-C16B2 120.15(12) 
C1A1-O1A1-Al1A1 126.98(8) O1B2-C1B2-C2B2 119.93(13) 
C25A1-N1A1-C17A1 112.89(10) C16B2-C1B2-C2B2 119.92(13) 
C25A1-N1A1-C18A1 109.91(10) C12B2-C2B2-C1B2 117.95(14) 
C17A1-N1A1-C18A1 110.2(1) C12B2-C2B2-C3B2 122.78(13) 
C25A1-N1A1-Al1A1 107.94(8) C1B2-C2B2-C3B2 119.24(13) 
C17A1-N1A1-Al1A1 106.06(8) C2B2-C3B2-C4B2 110.98(11) 
C18A1-N1A1-Al1A1 109.74(8) C2B2-C3B2-C11B2 111.51(13) 
O1A1-C1A1-C16A1 119.07(12) C4B2-C3B2-C11B2 106.05(12) 
O1A1-C1A1-C2A1 120.75(12) C2B2-C3B2-C10B2 108.64(12) 
C16A1-C1A1-C2A1 120.17(12) C4B2-C3B2-C10B2 111.95(13) 
C12A1-C2A1-C1A1 117.76(12) C11B2-C3B2-C10B2 107.66(12) 
C12A1-C2A1-C3A1 122.62(12) C9B2-C4B2-C5B2 117.49(13) 
C1A1-C2A1-C3A1 119.62(11) C9B2-C4B2-C3B2 122.35(13) 
C2A1-C3A1-C4A1 109.27(10) C5B2-C4B2-C3B2 119.93(13) 
  
242 
  
C2A1-C3A1-C10A1 109.20(11) C6B2-C5B2-C4B2 120.99(15) 
C4A1-C3A1-C10A1 113.16(11) C6B2-C5B2-H5B2 119.5 
C2A1-C3A1-C11A1 112.09(11) C4B2-C5B2-H5B2 119.5 
C4A1-C3A1-C11A1 106.72(11) C7B2-C6B2-C5B2 120.73(15) 
C10A1-C3A1-C11A1 106.41(11) C7B2-C6B2-H6B2 119.6 
C9A1-C4A1-C5A1 117.56(13) C5B2-C6B2-H6B2 119.6 
C9A1-C4A1-C3A1 123.64(12) C6B2-C7B2-C8B2 119.07(14) 
C5A1-C4A1-C3A1 118.74(12) C6B2-C7B2-H7B2 120.5 
C6A1-C5A1-C4A1 121.55(13) C8B2-C7B2-H7B2 120.5 
C6A1-C5A1-H5A1 119.2 C7B2-C8B2-C9B2 120.31(15) 
C4A1-C5A1-H5A1 119.2 C7B2-C8B2-H8B2 119.8 
C7A1-C6A1-C5A1 120.20(14) C9B2-C8B2-H8B2 119.8 
C7A1-C6A1-H6A1 119.9 C8B2-C9B2-C4B2 121.40(15) 
C5A1-C6A1-H6A1 119.9 C8B2-C9B2-H9B2 119.3 
C6A1-C7A1-C8A1 119.13(14) C4B2-C9B2-H9B2 119.3 
C6A1-C7A1-H7A1 120.4 C3B2-C10B2-H10A2 109.5 
C8A1-C7A1-H7A1 120.4 C3B2-C10B2-H10B2 109.5 
C7A1-C8A1-C9A1 120.59(14) H10A2-C10B2-H10B2 109.5 
C7A1-C8A1-H8A1 119.7 C3B2-C10B2-H10C2 109.5 
C9A1-C8A1-H8A1 119.7 H10A2-C10B2-H10C2 109.5 
C4A1-C9A1-C8A1 120.98(14) H10B2-C10B2-H10C2 109.5 
C4A1-C9A1-H9A1 119.5 C3B2-C11B2-H11A2 109.5 
C8A1-C9A1-H9A1 119.5 C3B2-C11B2-H11B2 109.5 
C3A1-C10A1-H10A1 109.5 H11A2-C11B2-H11B2 109.5 
C3A1-C10A1-H10B1 109.5 C3B2-C11B2-H11C2 109.5 
H10A1-C10A1-H10B1 109.5 H11A2-C11B2-H11C2 109.5 
C3A1-C10A1-H10C1 109.5 H11B2-C11B2-H11C2 109.5 
H10A1-C10A1-H10C1 109.5 C13B2-C12B2-C2B2 122.89(14) 
H10B1-C10A1-H10C1 109.5 C13B2-C12B2-H12B2 118.6 
C3A1-C11A1-H11A1 109.5 C2B2-C12B2-H12B2 118.6 
C3A1-C11A1-H11B1 109.5 C15B2-C13B2-C12B2 117.95(13) 
H11A1-C11A1-H11B1 109.5 C15B2-C13B2-C14B2 120.34(15) 
C3A1-C11A1-H11C1 109.5 C12B2-C13B2-C14B2 121.70(14) 
H11A1-C11A1-H11C1 109.5 C13B2-C14B2-H14A2 109.5 
H11B1-C11A1-H11C1 109.5 C13B2-C14B2-H14B2 109.5 
C2A1-C12A1-C13A1 122.93(13) H14A2-C14B2-H14B2 109.5 
C2A1-C12A1-H12A1 118.5 C13B2-C14B2-H14C2 109.5 
C13A1-C12A1-H12A1 118.5 H14A2-C14B2-H14C2 109.5 
C15A1-C13A1-C12A1 118.22(12) H14B2-C14B2-H14C2 109.5 
C15A1-C13A1-C14A1 121.54(13) C13B2-C14B2-H14D2 109.5 
C12A1-C13A1-C14A1 120.24(13) H14A2-C14B2-H14D2 141.1 
C13A1-C14A1-H14A1 109.5 H14B2-C14B2-H14D2 56.3 
C13A1-C14A1-H14B1 109.5 H14C2-C14B2-H14D2 56.3 
H14A1-C14A1-H14B1 109.5 C13B2-C14B2-H14E2 109.5 
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C13A1-C14A1-H14C1 109.5 H14A2-C14B2-H14E2 56.3 
H14A1-C14A1-H14C1 109.5 H14B2-C14B2-H14E2 141.1 
H14B1-C14A1-H14C1 109.5 H14C2-C14B2-H14E2 56.3 
C13A1-C15A1-C16A1 121.07(13) H14D2-C14B2-H14E2 109.5 
C13A1-C15A1-H15A1 119.5 C13B2-C14B2-H14F2 109.5 
C16A1-C15A1-H15A1 119.5 H14A2-C14B2-H14F2 56.3 
C15A1-C16A1-C1A1 119.85(12) H14B2-C14B2-H14F2 56.3 
C15A1-C16A1-C17A1 120.72(12) H14C2-C14B2-H14F2 141.1 
C1A1-C16A1-C17A1 119.38(11) H14D2-C14B2-H14F2 109.5 
C16A1-C17A1-N1A1 113.06(10) H14E2-C14B2-H14F2 109.5 
C16A1-C17A1-H17A1 109 C13B2-C15B2-C16B2 121.34(14) 
N1A1-C17A1-H17A1 109 C13B2-C15B2-H15B2 119.3 
C16A1-C17A1-H17B1 109 C16B2-C15B2-H15B2 119.3 
N1A1-C17A1-H17B1 109 C15B2-C16B2-C1B2 119.93(13) 
H17A1-C17A1-H17B1 107.8 C15B2-C16B2-C17B2 119.14(13) 
C19A1-C18A1-N1A1 116.24(10) C1B2-C16B2-C17B2 120.62(12) 
C19A1-C18A1-H18A1 108.2 N1B2-C17B2-C16B2 115.01(11) 
N1A1-C18A1-H18A1 108.2 N1B2-C17B2-H17A2 108.5 
C19A1-C18A1-H18B1 108.2 C16B2-C17B2-H17A2 108.5 
N1A1-C18A1-H18B1 108.2 N1B2-C17B2-H17B2 108.5 
H18A1-C18A1-H18B1 107.4 C16B2-C17B2-H17B2 108.5 
C20A1-C19A1-C24A1 118.64(13) H17A2-C17B2-H17B2 107.5 
C20A1-C19A1-C18A1 119.04(12) C19B2-C18B2-N1B2 115.02(11) 
C24A1-C19A1-C18A1 122.17(12) C19B2-C18B2-H18A2 108.5 
C21A1-C20A1-C19A1 120.83(14) N1B2-C18B2-H18A2 108.5 
C21A1-C20A1-H20A1 119.6 C19B2-C18B2-H18B2 108.5 
C19A1-C20A1-H20A1 119.6 N1B2-C18B2-H18B2 108.5 
C22A1-C21A1-C20A1 119.91(14) H18A2-C18B2-H18B2 107.5 
C22A1-C21A1-H21A1 120 C24B2-C19B2-C20B2 118.78(13) 
C20A1-C21A1-H21A1 120 C24B2-C19B2-C18B2 120.53(12) 
C23A1-C22A1-C21A1 119.90(14) C20B2-C19B2-C18B2 120.66(13) 
C23A1-C22A1-H22A1 120.1 C21B2-C20B2-C19B2 120.83(14) 
C21A1-C22A1-H22A1 120.1 C21B2-C20B2-H20B2 119.6 
C22A1-C23A1-C24A1 120.39(14) C19B2-C20B2-H20B2 119.6 
C22A1-C23A1-H23A1 119.8 C22B2-C21B2-C20B2 119.77(14) 
C24A1-C23A1-H23A1 119.8 C22B2-C21B2-H21B2 120.1 
C23A1-C24A1-C19A1 120.30(14) C20B2-C21B2-H21B2 120.1 
C23A1-C24A1-H24A1 119.9 C21B2-C22B2-C23B2 120.06(14) 
C19A1-C24A1-H24A1 119.9 C21B2-C22B2-H22B2 120 
C26A1-C25A1-C30A1 119.61(13) C23B2-C22B2-H22B2 120 
C26A1-C25A1-N1A1 123.01(12) C22B2-C23B2-C24B2 120.11(14) 
C30A1-C25A1-N1A1 117.38(11) C22B2-C23B2-H23B2 119.9 
C25A1-C26A1-C27A1 119.49(13) C24B2-C23B2-H23B2 119.9 
C25A1-C26A1-H26A1 120.3 C23B2-C24B2-C19B2 120.44(13) 
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C27A1-C26A1-H26A1 120.3 C23B2-C24B2-H24B2 119.8 
C28A1-C27A1-C26A1 120.96(14) C19B2-C24B2-H24B2 119.8 
C28A1-C27A1-H27A1 119.5 C26B2-C25B2-C30B2 119.26(13) 
C26A1-C27A1-H27A1 119.5 C26B2-C25B2-N1B2 122.81(12) 
C27A1-C28A1-C29A1 119.34(13) C30B2-C25B2-N1B2 117.87(12) 
C27A1-C28A1-H28A1 120.3 C25B2-C26B2-C27B2 119.92(14) 
C29A1-C28A1-H28A1 120.3 C25B2-C26B2-H26B2 120 
C28A1-C29A1-C30A1 120.28(14) C27B2-C26B2-H26B2 120 
C28A1-C29A1-H29A1 119.9 C28B2-C27B2-C26B2 120.76(15) 
C30A1-C29A1-H29A1 119.9 C28B2-C27B2-H27B2 119.6 
C29A1-C30A1-C25A1 120.31(13) C26B2-C27B2-H27B2 119.6 
C29A1-C30A1-H30A1 119.8 C27B2-C28B2-C29B2 119.21(14) 
C25A1-C30A1-H30A1 119.8 C27B2-C28B2-H28B2 120.4 
Al1A1-C31A1-H31A1 109.5 C29B2-C28B2-H28B2 120.4 
Al1A1-C31A1-H31B1 109.5 C28B2-C29B2-C30B2 120.79(15) 
H31A1-C31A1-H31B1 109.5 C28B2-C29B2-H29B2 119.6 
Al1A1-C31A1-H31C1 109.5 C30B2-C29B2-H29B2 119.6 
H31A1-C31A1-H31C1 109.5 C29B2-C30B2-C25B2 120.05(15) 
H31B1-C31A1-H31C1 109.5 C29B2-C30B2-H30B2 120 
Al1A1-C32A1-H32A1 109.5 C25B2-C30B2-H30B2 120 
Al1A1-C32A1-H32B1 109.5 Al1B2-C31B2-H31A2 109.5 
H32A1-C32A1-H32B1 109.5 Al1B2-C31B2-H31B2 109.5 
Al1A1-C32A1-H32C1 109.5 H31A2-C31B2-H31B2 109.5 
H32A1-C32A1-H32C1 109.5 Al1B2-C31B2-H31C2 109.5 
H32B1-C32A1-H32C1 109.5 H31A2-C31B2-H31C2 109.5 
O1B2-Al1B2-C32B2 110.25(6) H31B2-C31B2-H31C2 109.5 
O1B2-Al1B2-C31B2 110.99(6) Al1B2-C32B2-H32A2 109.5 
C32B2-Al1B2-C31B2 120.21(6) Al1B2-C32B2-H32B2 109.5 
O1B2-Al1B2-N1B2 97.05(5) H32A2-C32B2-H32B2 109.5 
C32B2-Al1B2-N1B2 106.04(6) Al1B2-C32B2-H32C2 109.5 
C31B2-Al1B2-N1B2 109.67(6) H32A2-C32B2-H32C2 109.5 
C1B2-O1B2-Al1B2 131.69(9) H32B2-C32B2-H32C2 109.5 
C25B2-N1B2-C17B2 111.41(10)     
 
Table A.3. Anisotropic displacement parameters (Å2 × 103) for 2a. 
 
Atom U11 U22 U33 U23 U13 U12 
Al1A1 15(1) 16(1) 17(1) 1(1) 4(1) 0(1) 
O1A1 16(1) 24(1) 19(1) 4(1) 6(1) 4(1) 
N1A1 18(1) 14(1) 18(1) 1(1) 6(1) -1(1) 
C1A1 16(1) 15(1) 21(1) 5(1) 6(1) -1(1) 
C2A1 19(1) 14(1) 21(1) 3(1) 7(1) -3(1) 
C3A1 24(1) 15(1) 19(1) 1(1) 6(1) 1(1) 
C4A1 23(1) 21(1) 14(1) -2(1) 7(1) 1(1) 
C5A1 23(1) 22(1) 22(1) -1(1) 10(1) 2(1) 
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C6A1 31(1) 26(1) 30(1) -5(1) 16(1) -5(1) 
C7A1 25(1) 42(1) 34(1) -10(1) 13(1) -7(1) 
C8A1 21(1) 45(1) 34(1) -4(1) 8(1) 7(1) 
C9A1 28(1) 28(1) 25(1) -1(1) 8(1) 7(1) 
C10A1 36(1) 17(1) 27(1) 2(1) 9(1) 3(1) 
C11A1 30(1) 22(1) 20(1) -2(1) 4(1) -2(1) 
C12A1 20(1) 18(1) 21(1) 4(1) 3(1) -3(1) 
C13A1 17(1) 17(1) 29(1) 8(1) 5(1) -1(1) 
C14A1 18(1) 29(1) 37(1) 8(1) 4(1) 2(1) 
C15A1 19(1) 16(1) 29(1) 6(1) 11(1) 1(1) 
C16A1 19(1) 15(1) 21(1) 4(1) 8(1) 0(1) 
C17A1 20(1) 14(1) 22(1) 2(1) 9(1) 1(1) 
C18A1 19(1) 16(1) 21(1) -1(1) 8(1) -3(1) 
C19A1 19(1) 14(1) 27(1) 1(1) 12(1) -3(1) 
C20A1 23(1) 17(1) 29(1) 1(1) 10(1) -3(1) 
C21A1 20(1) 21(1) 44(1) 3(1) 12(1) -1(1) 
C22A1 27(1) 20(1) 51(1) -1(1) 23(1) -1(1) 
C23A1 35(1) 20(1) 36(1) -3(1) 23(1) -6(1) 
C24A1 24(1) 19(1) 28(1) 0(1) 12(1) -5(1) 
C25A1 18(1) 21(1) 18(1) -1(1) 8(1) -4(1) 
C26A1 22(1) 22(1) 24(1) -3(1) 12(1) -3(1) 
C27A1 29(1) 29(1) 25(1) -9(1) 15(1) -8(1) 
C28A1 28(1) 41(1) 19(1) -3(1) 10(1) -7(1) 
C29A1 29(1) 32(1) 21(1) 4(1) 7(1) 0(1) 
C30A1 26(1) 23(1) 21(1) 0(1) 9(1) 0(1) 
C31A1 20(1) 33(1) 25(1) 1(1) 5(1) -4(1) 
C32A1 29(1) 19(1) 27(1) 1(1) 11(1) 2(1) 
Al1B2 22(1) 16(1) 19(1) 0(1) 7(1) 1(1) 
O1B2 23(1) 19(1) 30(1) -3(1) 9(1) -1(1) 
N1B2 22(1) 17(1) 17(1) 0(1) 7(1) -1(1) 
C1B2 26(1) 21(1) 18(1) -2(1) 6(1) -2(1) 
C2B2 26(1) 26(1) 18(1) -2(1) 6(1) -5(1) 
C3B2 23(1) 33(1) 21(1) -3(1) 6(1) -6(1) 
C4B2 21(1) 27(1) 22(1) -1(1) 7(1) -7(1) 
C5B2 22(1) 34(1) 25(1) 1(1) 9(1) -2(1) 
C6B2 24(1) 45(1) 22(1) 4(1) 6(1) -8(1) 
C7B2 37(1) 36(1) 24(1) -7(1) 16(1) -16(1) 
C8B2 38(1) 25(1) 35(1) -4(1) 18(1) -8(1) 
C9B2 30(1) 26(1) 27(1) 2(1) 9(1) -5(1) 
C10B2 27(1) 47(1) 22(1) 0(1) 5(1) 2(1) 
C11B2 29(1) 44(1) 28(1) -11(1) 10(1) -14(1) 
C12B2 32(1) 26(1) 22(1) -3(1) 6(1) -10(1) 
C13B2 39(1) 20(1) 21(1) -3(1) 6(1) -5(1) 
C14B2 49(1) 21(1) 34(1) -6(1) 9(1) -6(1) 
C15B2 32(1) 22(1) 20(1) -3(1) 9(1) 0(1) 
C16B2 26(1) 20(1) 17(1) -2(1) 7(1) -2(1) 
C17B2 25(1) 20(1) 17(1) -2(1) 9(1) 0(1) 
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C18B2 26(1) 21(1) 17(1) 1(1) 9(1) 2(1) 
C19B2 28(1) 21(1) 15(1) 3(1) 8(1) 3(1) 
C20B2 31(1) 22(1) 22(1) 5(1) 10(1) 0(1) 
C21B2 41(1) 18(1) 27(1) 4(1) 14(1) 3(1) 
C22B2 35(1) 25(1) 27(1) 7(1) 14(1) 9(1) 
C23B2 26(1) 28(1) 24(1) 4(1) 8(1) 2(1) 
C24B2 28(1) 21(1) 20(1) 1(1) 6(1) 1(1) 
C25B2 19(1) 17(1) 24(1) 4(1) 6(1) 2(1) 
C26B2 24(1) 25(1) 25(1) 4(1) 8(1) 2(1) 
C27B2 26(1) 36(1) 35(1) 11(1) 14(1) 2(1) 
C28B2 21(1) 28(1) 53(1) 8(1) 12(1) -2(1) 
C29B2 26(1) 26(1) 47(1) -7(1) 9(1) -5(1) 
C30B2 26(1) 27(1) 32(1) -5(1) 10(1) -2(1) 
C31B2 28(1) 23(1) 24(1) -1(1) 12(1) 1(1) 
C32B2 34(1) 22(1) 26(1) 4(1) 7(1) 2(1) 
   
Table A.4.  Atomic coordinates (× 10–4) and equivalent isotropic displacement parameters 
(Å2 × 103) for 2b. 
 
Atom x y z U(eq) 
Al(1) 5114(1) 7262(1) 6360(1) 26(1) 
N(1) 6928(2) 7396(2) 6333(1) 26(1) 
O(1) 5021(1) 7054(2) 7216(1) 30(1) 
C(1) 5854(2) 7048(2) 7712(1) 25(1) 
C(2) 5562(2) 6526(2) 8342(1) 27(1) 
C(3) 4317(2) 5917(2) 8466(1) 30(1) 
C(4) 4058(2) 4686(3) 8000(1) 35(1) 
C(5) 3342(2) 7047(3) 8359(1) 32(1) 
C(6) 4221(2) 5375(3) 9176(1) 36(1) 
C(7) 6448(2) 6621(2) 8845(1) 30(1) 
C(8) 7590(2) 7155(2) 8749(1) 30(1) 
C(9) 8494(3) 7248(3) 9321(1) 40(1) 
C(10) 7863(2) 7599(2) 8122(1) 30(1) 
C(11) 7004(2) 7560(2) 7600(1) 27(1) 
C(12) 7305(2) 8212(2) 6943(1) 28(1) 
C(13) 7510(2) 5981(2) 6339(1) 29(1) 
C(14) 8868(2) 5961(2) 6373(1) 32(1) 
C(15) 9475(2) 5766(3) 6979(1) 34(1) 
C(16) 10719(2) 5738(3) 7029(2) 40(1) 
C(17) 11379(3) 5922(3) 6470(2) 46(1) 
C(18) 10802(3) 6098(3) 5860(2) 48(1) 
C(19) 9542(2) 6103(3) 5810(1) 40(1) 
C(20) 7279(2) 8234(3) 5743(1) 31(1) 
C(21) 6814(3) 7631(3) 5085(1) 37(1) 
C(22) 4540(2) 5573(3) 5903(1) 35(1) 
C(23) 4459(2) 9078(3) 6083(1) 38(1) 
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Table A.5.  Bond lengths (Å) and angles (deg) for 2b. 
 
Atoms Bond length Atoms Bond length 
Al(1)-O(1) 1.7474(16) C(10)-C(11) 1.400(3) 
Al(1)-C(22) 1.965(3) C(10)-H(10A) 0.95 
Al(1)-C(23) 1.966(3) C(11)-C(12) 1.516(3) 
Al(1)-N(1) 2.027(2) C(12)-H(12A) 0.99 
N(1)-C(20) 1.501(3) C(12)-H(12B) 0.99 
N(1)-C(13) 1.507(3) C(13)-C(14) 1.512(3) 
N(1)-C(12) 1.507(3) C(13)-H(13A) 0.99 
O(1)-C(1) 1.343(3) C(13)-H(13B) 0.99 
C(1)-C(11) 1.398(3) C(14)-C(19) 1.389(3) 
C(1)-C(2) 1.414(3) C(14)-C(15) 1.392(3) 
C(2)-C(7) 1.397(3) C(15)-C(16) 1.387(4) 
C(2)-C(3) 1.533(3) C(15)-H(15A) 0.95 
C(3)-C(6) 1.533(3) C(16)-C(17) 1.379(4) 
C(3)-C(4) 1.534(3) C(16)-H(16A) 0.95 
C(3)-C(5) 1.547(3) C(17)-C(18) 1.380(4) 
C(4)-H(4A) 0.98 C(17)-H(17A) 0.95 
C(4)-H(4B) 0.98 C(18)-C(19) 1.403(4) 
C(4)-H(4C) 0.98 C(18)-H(18A) 0.95 
C(5)-H(5A) 0.98 C(19)-H(19A) 0.95 
C(5)-H(5B) 0.98 C(20)-C(21) 1.524(3) 
C(5)-H(5C) 0.98 C(20)-H(20A) 0.99 
C(6)-H(6A) 0.98 C(20)-H(20B) 0.99 
C(6)-H(6B) 0.98 C(21)-H(21A) 0.98 
C(6)-H(6C) 0.98 C(21)-H(21B) 0.98 
C(7)-C(8) 1.391(4) C(21)-H(21C) 0.98 
C(7)-H(7A) 0.95 C(22)-H(22A) 0.98 
C(8)-C(10) 1.381(3) C(22)-H(22B) 0.98 
C(8)-C(9) 1.510(3) C(22)-H(22C) 0.98 
C(9)-H(9A) 0.98 C(23)-H(23A) 0.98 
C(9)-H(9B) 0.98 C(23)-H(23B) 0.98 
C(9)-H(9C) 0.98 C(23)-H(23C) 0.98  
 
Atoms Bond angle Atoms Bond angle 
O(1)-Al(1)-C(22) 109.99(10) C(1)-C(11)-C(10) 119.7(2) 
O(1)-Al(1)-C(23) 110.45(10) C(1)-C(11)-C(12) 121.1(2) 
C(22)-Al(1)-C(23) 119.21(12) C(10)-C(11)-C(12) 118.9(2) 
O(1)-Al(1)-N(1) 97.17(8) N(1)-C(12)-C(11) 115.86(19) 
C(22)-Al(1)-N(1) 110.44(10) N(1)-C(12)-H(12A) 108.3 
C(23)-Al(1)-N(1) 107.31(10) C(11)-C(12)-H(12A) 108.3 
C(20)-N(1)-C(13) 111.55(17) N(1)-C(12)-H(12B) 108.3 
C(20)-N(1)-C(12) 107.23(17) C(11)-C(12)-H(12B) 108.3 
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C(13)-N(1)-C(12) 110.86(18) H(12A)-C(12)-H(12B) 107.4 
C(20)-N(1)-Al(1) 109.88(15) N(1)-C(13)-C(14) 116.17(19) 
C(13)-N(1)-Al(1) 111.81(14) N(1)-C(13)-H(13A) 108.2 
C(12)-N(1)-Al(1) 105.23(13) C(14)-C(13)-H(13A) 108.2 
C(1)-O(1)-Al(1) 132.56(15) N(1)-C(13)-H(13B) 108.2 
O(1)-C(1)-C(11) 119.5(2) C(14)-C(13)-H(13B) 108.2 
O(1)-C(1)-C(2) 119.8(2) H(13A)-C(13)-H(13B) 107.4 
C(11)-C(1)-C(2) 120.6(2) C(19)-C(14)-C(15) 118.2(2) 
C(7)-C(2)-C(1) 116.9(2) C(19)-C(14)-C(13) 121.8(2) 
C(7)-C(2)-C(3) 121.8(2) C(15)-C(14)-C(13) 119.9(2) 
C(1)-C(2)-C(3) 121.2(2) C(16)-C(15)-C(14) 121.5(2) 
C(6)-C(3)-C(2) 111.9(2) C(16)-C(15)-H(15A) 119.3 
C(6)-C(3)-C(4) 107.1(2) C(14)-C(15)-H(15A) 119.3 
C(2)-C(3)-C(4) 110.32(19) C(17)-C(16)-C(15) 119.7(3) 
C(6)-C(3)-C(5) 107.41(19) C(17)-C(16)-H(16A) 120.1 
C(2)-C(3)-C(5) 110.10(19) C(15)-C(16)-H(16A) 120.1 
C(4)-C(3)-C(5) 109.8(2) C(16)-C(17)-C(18) 120.1(3) 
C(3)-C(4)-H(4A) 109.5 C(16)-C(17)-H(17A) 120 
C(3)-C(4)-H(4B) 109.5 C(18)-C(17)-H(17A) 120 
H(4A)-C(4)-H(4B) 109.5 C(17)-C(18)-C(19) 120.0(3) 
C(3)-C(4)-H(4C) 109.5 C(17)-C(18)-H(18A) 120 
H(4A)-C(4)-H(4C) 109.5 C(19)-C(18)-H(18A) 120 
H(4B)-C(4)-H(4C) 109.5 C(14)-C(19)-C(18) 120.4(3) 
C(3)-C(5)-H(5A) 109.5 C(14)-C(19)-H(19A) 119.8 
C(3)-C(5)-H(5B) 109.5 C(18)-C(19)-H(19A) 119.8 
H(5A)-C(5)-H(5B) 109.5 N(1)-C(20)-C(21) 113.5(2) 
C(3)-C(5)-H(5C) 109.5 N(1)-C(20)-H(20A) 108.9 
H(5A)-C(5)-H(5C) 109.5 C(21)-C(20)-H(20A) 108.9 
H(5B)-C(5)-H(5C) 109.5 N(1)-C(20)-H(20B) 108.9 
C(3)-C(6)-H(6A) 109.5 C(21)-C(20)-H(20B) 108.9 
C(3)-C(6)-H(6B) 109.5 H(20A)-C(20)-H(20B) 107.7 
H(6A)-C(6)-H(6B) 109.5 C(20)-C(21)-H(21A) 109.5 
C(3)-C(6)-H(6C) 109.5 C(20)-C(21)-H(21B) 109.5 
H(6A)-C(6)-H(6C) 109.5 H(21A)-C(21)-H(21B) 109.5 
H(6B)-C(6)-H(6C) 109.5 C(20)-C(21)-H(21C) 109.5 
C(8)-C(7)-C(2) 123.4(2) H(21A)-C(21)-H(21C) 109.5 
C(8)-C(7)-H(7A) 118.3 H(21B)-C(21)-H(21C) 109.5 
C(2)-C(7)-H(7A) 118.3 Al(1)-C(22)-H(22A) 109.5 
C(10)-C(8)-C(7) 118.2(2) Al(1)-C(22)-H(22B) 109.5 
C(10)-C(8)-C(9) 121.5(2) H(22A)-C(22)-H(22B) 109.5 
C(7)-C(8)-C(9) 120.4(2) Al(1)-C(22)-H(22C) 109.5 
C(8)-C(9)-H(9A) 109.5 H(22A)-C(22)-H(22C) 109.5 
C(8)-C(9)-H(9B) 109.5 H(22B)-C(22)-H(22C) 109.5 
H(9A)-C(9)-H(9B) 109.5 Al(1)-C(23)-H(23A) 109.5 
C(8)-C(9)-H(9C) 109.5 Al(1)-C(23)-H(23B) 109.5 
H(9A)-C(9)-H(9C) 109.5 H(23A)-C(23)-H(23B) 109.5 
H(9B)-C(9)-H(9C) 109.5 Al(1)-C(23)-H(23C) 109.5 
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C(8)-C(10)-C(11) 121.1(2) H(23A)-C(23)-H(23C) 109.5 
C(8)-C(10)-H(10A) 119.5 H(23B)-C(23)-H(23C) 109.5 
C(11)-C(10)-H(10A) 119.5      
 
 
Table A.6. Anisotropic displacement parameters (Å2 × 103) for 2b. 
 
Atom U11 U22 U33 U23 U13 U12 
Al(1) 24(1) 34(1) 21(1) 1(1) 4(1) 1(1) 
N(1) 26(1) 28(1) 23(1) 1(1) 6(1) 0(1) 
O(1) 22(1) 47(1) 21(1) 1(1) 3(1) -1(1) 
C(1) 22(1) 29(1) 24(1) -3(1) 2(1) 2(1) 
C(2) 27(1) 28(1) 25(1) -3(1) 3(1) 3(1) 
C(3) 29(1) 36(1) 24(1) 1(1) 6(1) -1(1) 
C(4) 31(1) 39(1) 35(1) -1(1) 8(1) -5(1) 
C(5) 29(1) 41(1) 27(1) 4(1) 7(1) 3(1) 
C(6) 38(2) 43(2) 29(1) 6(1) 6(1) 3(1) 
C(7) 36(1) 29(1) 24(1) -1(1) -1(1) 3(1) 
C(8) 32(1) 29(1) 30(1) -5(1) -5(1) 2(1) 
C(9) 42(2) 41(2) 38(2) -4(1) -12(1) -2(1) 
C(10) 26(1) 26(1) 36(1) -5(1) 1(1) 1(1) 
C(11) 26(1) 29(1) 25(1) -4(1) 4(1) 2(1) 
C(12) 26(1) 29(1) 31(1) -1(1) 6(1) -1(1) 
C(13) 30(1) 26(1) 31(1) 0(1) 7(1) -1(1) 
C(14) 29(1) 26(1) 40(1) 0(1) 10(1) 2(1) 
C(15) 30(1) 32(1) 40(1) 2(1) 6(1) 2(1) 
C(16) 31(2) 39(2) 51(2) 2(1) 2(1) 3(1) 
C(17) 29(2) 41(2) 69(2) 2(1) 9(1) 2(1) 
C(18) 37(2) 50(2) 59(2) 4(1) 24(1) 8(1) 
C(19) 38(2) 42(2) 41(2) -2(1) 13(1) 6(1) 
C(20) 31(1) 33(1) 31(1) 4(1) 10(1) -1(1) 
C(21) 40(2) 47(2) 25(1) 4(1) 10(1) -2(1) 
C(22) 31(1) 46(2) 28(1) -2(1) 6(1) -2(1) 
C(23) 36(2) 45(2) 33(1) 4(1) 6(1) 8(1) 
 
 
Table A.7.  Atomic coordinates (× 10–4) and equivalent isotropic displacement parameters 
(Å2 × 103) for 2c. 
 
Atom x y z U(eq) 
Al1 6522(1) 3129(1) 2114(1) 15(1) 
O1 6352(1) 3515(1) 710(1) 18(1) 
N1 6575(1) 4110(1) 3016(1) 15(1) 
C1 6790(1) 4176(1) 559(1) 15(1) 
C2 7365(1) 4266(1) -248(1) 16(1) 
C3 7516(1) 3612(1) -979(1) 18(1) 
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C4 8451(1) 3038(1) -66(1) 24(1) 
C5 6179(1) 3260(1) -1799(1) 23(1) 
C6 8087(1) 3853(1) -1846(1) 23(1) 
C7 7786(1) 4973(1) -348(1) 18(1) 
C8 7637(1) 5585(1) 274(1) 19(1) 
C9' 8112(1) 6336(1) 121(1) 26(1) 
C9 8112(1) 6336(1) 121(1) 26(1) 
C10 7045(1) 5483(1) 1039(1) 18(1) 
C11 6638(1) 4786(1) 1200(1) 16(1) 
C12 5942(1) 4678(1) 1985(1) 16(1) 
C13 8002(1) 4295(1) 3847(1) 16(1) 
C14 8320(1) 4923(1) 4769(1) 16(1) 
C15 8121(1) 5663(1) 4404(1) 22(1) 
C16 8443(1) 6224(1) 5281(1) 26(1) 
C17 8994(1) 6056(1) 6541(1) 23(1) 
C18 9255(1) 5328(1) 6925(1) 22(1) 
C19 8915(1) 4767(1) 6043(1) 19(1) 
C20 5818(1) 4054(1) 3762(1) 29(1) 
C21 6360(9) 3427(4) 4714(8) 22(1) 
C22 4423(2) 4071(1) 3140(2) 23(1) 
C20' 5818(1) 4054(1) 3762(1) 29(1) 
C21' 6300(13) 3435(6) 4690(11) 22(1) 
C22' 5262(3) 4703(2) 4037(3) 24(1) 
C23 8206(1) 2624(1) 3002(1) 20(1) 
C24' 5010(1) 2494(1) 1752(1) 22(1) 
C24 5010(1) 2494(1) 1752(1) 22(1) 
 
 
Table A.8.  Bond lengths (Å) and angles (deg) for 2c. 
 
Atoms Bond length Atoms Bond length 
Al1-O1 1.7589(8) C13-C14 1.5153(13) 
Al1-C23 1.9619(11) C13-H13A 0.99 
Al1-C24 1.9647(11) C13-H13B 0.99 
Al1-C24' 1.9647(11) C14-C19 1.3956(14) 
Al1-N1 2.0727(9) C14-C15 1.3972(14) 
O1-C1 1.3456(12) C15-C16 1.3899(15) 
N1-C20' 1.5175(13) C15-H15 0.95 
N1-C20 1.5175(13) C16-C17 1.3867(16) 
N1-C12 1.5187(12) C16-H16 0.95 
N1-C13 1.5199(12) C17-C18 1.3867(16) 
C1-C11 1.4055(14) C17-H17 0.95 
C1-C2 1.4160(13) C18-C19 1.3918(15) 
C2-C7 1.3962(14) C18-H18 0.95 
C2-C3 1.5344(14) C19-H19 0.95 
C3-C6 1.5323(14) C20-C22 1.430(2) 
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C3-C5 1.5380(15) C20-C21 1.532(4) 
C3-C4 1.5407(14) C20-H20 1 
C4-H4A 0.98 C21-H21A 0.98 
C4-H4B 0.98 C21-H21B 0.98 
C4-H4C 0.98 C21-H21C 0.98 
C5-H5A 0.98 C22-H22A 0.98 
C5-H5B 0.98 C22-H22B 0.98 
C5-H5C 0.98 C22-H22C 0.98 
C6-H6A 0.98 C20'-C22' 1.449(3) 
C6-H6B 0.98 C20'-C21' 1.501(6) 
C6-H6C 0.98 C20'-H20' 1 
C7-C8 1.3940(15) C21'-H21D 0.98 
C7-H7 0.95 C21'-H21E 0.98 
C8-C10 1.3901(15) C21'-H21F 0.98 
C8-C9' 1.5101(14) C22'-H22D 0.98 
C8-C9 1.5101(14) C22'-H22E 0.98 
C9'-H9D 0.98 C22'-H22F 0.98 
C9'-H9E 0.98 C23-H23A 0.98 
C9'-H9F 0.98 C23-H23B 0.98 
C9-H9A 0.98 C23-H23C 0.98 
C9-H9B 0.98 C24'-H24D 0.98 
C9-H9C 0.98 C24'-H24E 0.98 
C10-C11 1.3925(14) C24'-H24F 0.98 
C10-H10 0.95 C24-H24A 0.98 
C11-C12 1.5101(13) C24-H24B 0.98 
C12-H12A 0.99 C24-H24C 0.98 
C12-H12B 0.99      
 
Atoms Bond angle Atoms Bond angle 
O1-Al1-C23 110.95(4) H12A-C12-H12B 107.6 
O1-Al1-C24 108.86(4) C14-C13-N1 118.32(8) 
C23-Al1-C24 113.74(5) C14-C13-H13A 107.7 
O1-Al1-C24' 108.86(4) N1-C13-H13A 107.7 
C23-Al1-C24' 113.74(5) C14-C13-H13B 107.7 
O1-Al1-N1 97.36(3) N1-C13-H13B 107.7 
C23-Al1-N1 109.30(4) H13A-C13-H13B 107.1 
C24-Al1-N1 115.45(4) C19-C14-C15 117.95(9) 
C24'-Al1-N1 115.45(4) C19-C14-C13 119.15(9) 
C1-O1-Al1 127.00(6) C15-C14-C13 122.76(9) 
C20'-N1-C12 109.87(8) C16-C15-C14 120.96(10) 
C20-N1-C12 109.87(8) C16-C15-H15 119.5 
C20'-N1-C13 111.48(8) C14-C15-H15 119.5 
C20-N1-C13 111.48(8) C17-C16-C15 120.18(10) 
C12-N1-C13 111.07(7) C17-C16-H16 119.9 
C20'-N1-Al1 111.59(7) C15-C16-H16 119.9 
C20-N1-Al1 111.59(7) C16-C17-C18 119.69(10) 
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C12-N1-Al1 105.31(6) C16-C17-H17 120.2 
C13-N1-Al1 107.34(6) C18-C17-H17 120.2 
O1-C1-C11 118.49(9) C17-C18-C19 119.89(10) 
O1-C1-C2 121.25(9) C17-C18-H18 120.1 
C11-C1-C2 120.24(9) C19-C18-H18 120.1 
C7-C2-C1 117.14(9) C18-C19-C14 121.21(10) 
C7-C2-C3 121.60(9) C18-C19-H19 119.4 
C1-C2-C3 121.26(9) C14-C19-H19 119.4 
C6-C3-C2 111.75(8) C22-C20-N1 120.10(12) 
C6-C3-C5 107.31(8) C22-C20-C21 112.5(4) 
C2-C3-C5 110.26(8) N1-C20-C21 110.3(4) 
C6-C3-C4 107.56(8) C22-C20-H20 104 
C2-C3-C4 109.70(8) N1-C20-H20 104 
C5-C3-C4 110.20(9) C21-C20-H20 104 
C3-C4-H4A 109.5 C20-C21-H21A 109.5 
C3-C4-H4B 109.5 C20-C21-H21B 109.5 
H4A-C4-H4B 109.5 H21A-C21-H21B 109.5 
C3-C4-H4C 109.5 C20-C21-H21C 109.5 
H4A-C4-H4C 109.5 H21A-C21-H21C 109.5 
H4B-C4-H4C 109.5 H21B-C21-H21C 109.5 
C3-C5-H5A 109.5 C20-C22-H22A 109.5 
C3-C5-H5B 109.5 C20-C22-H22B 109.5 
H5A-C5-H5B 109.5 H22A-C22-H22B 109.5 
C3-C5-H5C 109.5 C20-C22-H22C 109.5 
H5A-C5-H5C 109.5 H22A-C22-H22C 109.5 
H5B-C5-H5C 109.5 H22B-C22-H22C 109.5 
C3-C6-H6A 109.5 C22'-C20'-C21' 119.2(6) 
C3-C6-H6B 109.5 C22'-C20'-N1 121.13(14) 
H6A-C6-H6B 109.5 C21'-C20'-N1 112.1(5) 
C3-C6-H6C 109.5 C22'-C20'-H20' 99.2 
H6A-C6-H6C 109.5 C21'-C20'-H20' 99.2 
H6B-C6-H6C 109.5 N1-C20'-H20' 99.2 
C8-C7-C2 123.48(9) C20'-C21'-H21D 109.5 
C8-C7-H7 118.3 C20'-C21'-H21E 109.5 
C2-C7-H7 118.3 H21D-C21'-H21E 109.5 
C10-C8-C7 118.04(9) C20'-C21'-H21F 109.5 
C10-C8-C9' 121.2(1) H21D-C21'-H21F 109.5 
C7-C8-C9' 120.76(10) H21E-C21'-H21F 109.5 
C10-C8-C9 121.2(1) C20'-C22'-H22D 109.5 
C7-C8-C9 120.76(10) C20'-C22'-H22E 109.5 
C8-C9'-H9D 109.5 H22D-C22'-H22E 109.5 
C8-C9'-H9E 109.5 C20'-C22'-H22F 109.5 
H9D-C9'-H9E 109.5 H22D-C22'-H22F 109.5 
C8-C9'-H9F 109.5 H22E-C22'-H22F 109.5 
H9D-C9'-H9F 109.5 Al1-C23-H23A 109.5 
H9E-C9'-H9F 109.5 Al1-C23-H23B 109.5 
C8-C9-H9A 109.5 H23A-C23-H23B 109.5 
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C8-C9-H9B 109.5 Al1-C23-H23C 109.5 
H9A-C9-H9B 109.5 H23A-C23-H23C 109.5 
C8-C9-H9C 109.5 H23B-C23-H23C 109.5 
H9A-C9-H9C 109.5 Al1-C24'-H24D 109.5 
H9B-C9-H9C 109.5 Al1-C24'-H24E 109.5 
C8-C10-C11 120.91(9) H24D-C24'-H24E 109.5 
C8-C10-H10 119.5 Al1-C24'-H24F 109.5 
C11-C10-H10 119.5 H24D-C24'-H24F 109.5 
C10-C11-C1 120.16(9) H24E-C24'-H24F 109.5 
C10-C11-C12 121.00(9) Al1-C24-H24A 109.5 
C1-C11-C12 118.69(9) Al1-C24-H24B 109.5 
C11-C12-N1 114.06(8) H24A-C24-H24B 109.5 
C11-C12-H12A 108.7 Al1-C24-H24C 109.5 
N1-C12-H12A 108.7 H24A-C24-H24C 109.5 
C11-C12-H12B 108.7 H24B-C24-H24C 109.5 
N1-C12-H12B 108.7      
 
 
Table A.9. Anisotropic displacement parameters (Å2 × 103) for 2c. 
 
Atom U11 U22 U33 U23 U13 U12 
Al1 15(1) 14(1) 14(1) 0(1) 6(1) -1(1) 
O1 23(1) 15(1) 17(1) -1(1) 11(1) -3(1) 
N1 14(1) 16(1) 14(1) 1(1) 6(1) 0(1) 
C1 14(1) 15(1) 14(1) 2(1) 4(1) 0(1) 
C2 15(1) 17(1) 14(1) 1(1) 5(1) 1(1) 
C3 22(1) 17(1) 17(1) 1(1) 11(1) 1(1) 
C4 28(1) 21(1) 24(1) 5(1) 15(1) 7(1) 
C5 28(1) 23(1) 20(1) -4(1) 11(1) -4(1) 
C6 28(1) 24(1) 22(1) 3(1) 16(1) 3(1) 
C7 16(1) 20(1) 18(1) 4(1) 8(1) 0(1) 
C8 17(1) 16(1) 19(1) 3(1) 4(1) -1(1) 
C9' 27(1) 17(1) 33(1) 2(1) 13(1) -4(1) 
C9 27(1) 17(1) 33(1) 2(1) 13(1) -4(1) 
C10 18(1) 15(1) 15(1) 1(1) 4(1) 2(1) 
C11 14(1) 17(1) 13(1) 2(1) 4(1) 2(1) 
C12 16(1) 16(1) 15(1) 1(1) 6(1) 4(1) 
C13 15(1) 16(1) 14(1) 0(1) 5(1) 0(1) 
C14 16(1) 17(1) 16(1) -2(1) 7(1) -2(1) 
C15 27(1) 19(1) 17(1) 1(1) 6(1) 0(1) 
C16 31(1) 16(1) 26(1) -2(1) 10(1) -1(1) 
C17 26(1) 22(1) 23(1) -9(1) 12(1) -7(1) 
C18 25(1) 26(1) 15(1) -2(1) 9(1) -7(1) 
C19 21(1) 18(1) 16(1) 1(1) 7(1) -3(1) 
C20 36(1) 25(1) 43(1) 11(1) 32(1) 9(1) 
C21 28(1) 24(1) 21(1) 1(1) 15(1) -2(1) 
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C22 18(1) 33(1) 20(1) 2(1) 10(1) 2(1) 
C20' 36(1) 25(1) 43(1) 11(1) 32(1) 9(1) 
C21' 28(1) 24(1) 21(1) 1(1) 15(1) -2(1) 
C22' 29(1) 23(1) 29(2) -1(1) 21(1) 3(1) 
C23 20(1) 18(1) 21(1) -1(1) 8(1) 2(1) 
C24' 21(1) 24(1) 19(1) 0(1) 8(1) -6(1) 
C24 21(1) 24(1) 19(1) 0(1) 8(1) -6(1) 
 
 
Table A.10.  Atomic coordinates (× 10–4) and equivalent isotropic displacement 
parameters (Å2 × 103) for 2e. 
 
Atom x y z U(eq) 
Al(1) 4648(1) 3165(1) 3006(1) 22(1) 
N(1) 3881(1) 4157(1) 2103(1) 21(1) 
O(1) 5821(1) 3563(1) 4338(1) 24(1) 
C(1) 6353(1) 4239(1) 4452(1) 21(1) 
C(2) 7629(1) 4341(1) 5196(1) 22(1) 
C(3) 8466(1) 3689(1) 5895(1) 25(1) 
C(4) 8503(2) 3118(1) 4956(2) 32(1) 
C(5) 7991(2) 3316(1) 6758(2) 30(1) 
C(6) 9791(1) 3941(1) 6699(2) 30(1) 
C(7) 8088(1) 5060(1) 5257(1) 24(1) 
C(8) 7366(1) 5669(1) 4643(1) 24(1) 
C(9) 7940(2) 6427(1) 4742(2) 30(1) 
C(10) 6116(1) 5552(1) 3945(1) 23(1) 
C(11) 5603(1) 4845(1) 3834(1) 21(1) 
C(12) 4236(1) 4729(1) 3128(1) 22(1) 
C(13) 4381(1) 4365(1) 1179(1) 22(1) 
C(14) 3687(1) 4971(1) 268(1) 22(1) 
C(15) 3841(2) 5722(1) 599(2) 26(1) 
C(16) 3209(2) 6272(1) -258(2) 29(1) 
C(17) 2435(1) 6080(1) -1470(2) 29(1) 
C(18) 2298(1) 5338(1) -1826(2) 29(1) 
C(19) 2916(1) 4788(1) -960(1) 25(1) 
C(20) 2539(1) 4040(1) 1455(1) 21(1) 
C(21) 1714(1) 4442(1) 1733(1) 26(1) 
C(22) 459(1) 4288(1) 1103(2) 29(1) 
C(23) 30(1) 3738(1) 213(1) 28(1) 
C(24) 860(1) 3334(1) -60(1) 26(1) 
C(25) 2104(1) 3485(1) 553(1) 24(1) 
C(26) 5346(1) 2622(1) 2048(2) 26(1) 
C(27) 3462(2) 2625(1) 3401(2) 30(1) 
 
 
Table A.11.  Bond lengths (Å) and angles (deg) for 2e. 
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Atoms Bond length Atoms Bond length 
Al(1)-O(1) 1.7571(11) C(12)-H(12A) 0.99 
Al(1)-C(27) 1.9560(16) C(12)-H(12B) 0.99 
Al(1)-C(26) 1.9589(16) C(13)-C(14) 1.511(2) 
Al(1)-N(1) 2.0802(13) C(13)-H(13A) 0.99 
N(1)-C(20) 1.4752(18) C(13)-H(13B) 0.99 
N(1)-C(12) 1.5134(18) C(14)-C(15) 1.394(2) 
N(1)-C(13) 1.5239(18) C(14)-C(19) 1.395(2) 
O(1)-C(1) 1.3519(17) C(15)-C(16) 1.389(2) 
C(1)-C(11) 1.403(2) C(15)-H(15A) 0.95 
C(1)-C(2) 1.416(2) C(16)-C(17) 1.384(2) 
C(2)-C(7) 1.394(2) C(16)-H(16A) 0.95 
C(2)-C(3) 1.535(2) C(17)-C(18) 1.387(2) 
C(3)-C(6) 1.532(2) C(17)-H(17A) 0.95 
C(3)-C(4) 1.538(2) C(18)-C(19) 1.390(2) 
C(3)-C(5) 1.541(2) C(18)-H(18A) 0.95 
C(4)-H(4A) 0.98 C(19)-H(19A) 0.95 
C(4)-H(4B) 0.98 C(20)-C(21) 1.386(2) 
C(4)-H(4C) 0.98 C(20)-C(25) 1.394(2) 
C(5)-H(5A) 0.98 C(21)-C(22) 1.394(2) 
C(5)-H(5B) 0.98 C(21)-H(21A) 0.95 
C(5)-H(5C) 0.98 C(22)-C(23) 1.378(2) 
C(6)-H(6A) 0.98 C(22)-H(22A) 0.95 
C(6)-H(6B) 0.98 C(23)-C(24) 1.390(2) 
C(6)-H(6C) 0.98 C(23)-H(23A) 0.95 
C(7)-C(8) 1.392(2) C(24)-C(25) 1.382(2) 
C(7)-H(7A) 0.95 C(24)-H(24A) 0.95 
C(8)-C(10) 1.386(2) C(25)-H(25A) 0.95 
C(8)-C(9) 1.508(2) C(26)-H(26A) 0.98 
C(9)-H(9A) 0.98 C(26)-H(26B) 0.98 
C(9)-H(9B) 0.98 C(26)-H(26C) 0.98 
C(9)-H(9C) 0.98 C(27)-H(27A) 0.98 
C(10)-C(11) 1.393(2) C(27)-H(27B) 0.98 
C(10)-H(10A) 0.95 C(27)-H(27C) 0.98 
C(11)-C(12) 1.505(2)      
 
Atoms Bond angle Atoms Bond angle 
O(1)-Al(1)-C(27) 111.47(6) C(11)-C(12)-N(1) 113.68(12) 
O(1)-Al(1)-C(26) 110.67(6) C(11)-C(12)-H(12A) 108.8 
C(27)-Al(1)-C(26) 116.50(7) N(1)-C(12)-H(12A) 108.8 
O(1)-Al(1)-N(1) 97.09(5) C(11)-C(12)-H(12B) 108.8 
C(27)-Al(1)-N(1) 110.12(6) N(1)-C(12)-H(12B) 108.8 
C(26)-Al(1)-N(1) 109.26(6) H(12A)-C(12)-H(12B) 107.7 
C(20)-N(1)-C(12) 112.30(11) C(14)-C(13)-N(1) 115.53(11) 
C(20)-N(1)-C(13) 110.37(11) C(14)-C(13)-H(13A) 108.4 
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C(12)-N(1)-C(13) 111.36(11) N(1)-C(13)-H(13A) 108.4 
C(20)-N(1)-Al(1) 106.78(8) C(14)-C(13)-H(13B) 108.4 
C(12)-N(1)-Al(1) 104.76(8) N(1)-C(13)-H(13B) 108.4 
C(13)-N(1)-Al(1) 111.05(8) H(13A)-C(13)-H(13B) 107.5 
C(1)-O(1)-Al(1) 127.99(9) C(15)-C(14)-C(19) 118.25(14) 
O(1)-C(1)-C(11) 118.31(13) C(15)-C(14)-C(13) 121.89(13) 
O(1)-C(1)-C(2) 121.33(13) C(19)-C(14)-C(13) 119.77(13) 
C(11)-C(1)-C(2) 120.35(13) C(16)-C(15)-C(14) 121.00(15) 
C(7)-C(2)-C(1) 116.91(13) C(16)-C(15)-H(15A) 119.5 
C(7)-C(2)-C(3) 121.72(13) C(14)-C(15)-H(15A) 119.5 
C(1)-C(2)-C(3) 121.37(13) C(17)-C(16)-C(15) 120.02(15) 
C(6)-C(3)-C(2) 112.09(12) C(17)-C(16)-H(16A) 120 
C(6)-C(3)-C(4) 107.41(13) C(15)-C(16)-H(16A) 120 
C(2)-C(3)-C(4) 109.39(12) C(16)-C(17)-C(18) 119.79(15) 
C(6)-C(3)-C(5) 107.49(12) C(16)-C(17)-H(17A) 120.1 
C(2)-C(3)-C(5) 110.35(13) C(18)-C(17)-H(17A) 120.1 
C(4)-C(3)-C(5) 110.04(13) C(17)-C(18)-C(19) 120.02(15) 
C(3)-C(4)-H(4A) 109.5 C(17)-C(18)-H(18A) 120 
C(3)-C(4)-H(4B) 109.5 C(19)-C(18)-H(18A) 120 
H(4A)-C(4)-H(4B) 109.5 C(18)-C(19)-C(14) 120.87(14) 
C(3)-C(4)-H(4C) 109.5 C(18)-C(19)-H(19A) 119.6 
H(4A)-C(4)-H(4C) 109.5 C(14)-C(19)-H(19A) 119.6 
H(4B)-C(4)-H(4C) 109.5 C(21)-C(20)-C(25) 119.57(13) 
C(3)-C(5)-H(5A) 109.5 C(21)-C(20)-N(1) 122.76(13) 
C(3)-C(5)-H(5B) 109.5 C(25)-C(20)-N(1) 117.65(13) 
H(5A)-C(5)-H(5B) 109.5 C(20)-C(21)-C(22) 119.59(14) 
C(3)-C(5)-H(5C) 109.5 C(20)-C(21)-H(21A) 120.2 
H(5A)-C(5)-H(5C) 109.5 C(22)-C(21)-H(21A) 120.2 
H(5B)-C(5)-H(5C) 109.5 C(23)-C(22)-C(21) 120.85(15) 
C(3)-C(6)-H(6A) 109.5 C(23)-C(22)-H(22A) 119.6 
C(3)-C(6)-H(6B) 109.5 C(21)-C(22)-H(22A) 119.6 
H(6A)-C(6)-H(6B) 109.5 C(22)-C(23)-C(24) 119.43(14) 
C(3)-C(6)-H(6C) 109.5 C(22)-C(23)-H(23A) 120.3 
H(6A)-C(6)-H(6C) 109.5 C(24)-C(23)-H(23A) 120.3 
H(6B)-C(6)-H(6C) 109.5 C(25)-C(24)-C(23) 120.24(14) 
C(8)-C(7)-C(2) 123.84(14) C(25)-C(24)-H(24A) 119.9 
C(8)-C(7)-H(7A) 118.1 C(23)-C(24)-H(24A) 119.9 
C(2)-C(7)-H(7A) 118.1 C(24)-C(25)-C(20) 120.32(14) 
C(10)-C(8)-C(7) 117.73(14) C(24)-C(25)-H(25A) 119.8 
C(10)-C(8)-C(9) 121.79(14) C(20)-C(25)-H(25A) 119.8 
C(7)-C(8)-C(9) 120.48(14) Al(1)-C(26)-H(26A) 109.5 
C(8)-C(9)-H(9A) 109.5 Al(1)-C(26)-H(26B) 109.5 
C(8)-C(9)-H(9B) 109.5 H(26A)-C(26)-H(26B) 109.5 
H(9A)-C(9)-H(9B) 109.5 Al(1)-C(26)-H(26C) 109.5 
C(8)-C(9)-H(9C) 109.5 H(26A)-C(26)-H(26C) 109.5 
H(9A)-C(9)-H(9C) 109.5 H(26B)-C(26)-H(26C) 109.5 
H(9B)-C(9)-H(9C) 109.5 Al(1)-C(27)-H(27A) 109.5 
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C(8)-C(10)-C(11) 121.21(14) Al(1)-C(27)-H(27B) 109.5 
C(8)-C(10)-H(10A) 119.4 H(27A)-C(27)-H(27B) 109.5 
C(11)-C(10)-H(10A) 119.4 Al(1)-C(27)-H(27C) 109.5 
C(10)-C(11)-C(1) 119.94(13) H(27A)-C(27)-H(27C) 109.5 
C(10)-C(11)-C(12) 120.88(13) H(27B)-C(27)-H(27C) 109.5 
C(1)-C(11)-C(12) 119.06(13)      
 
 
Table A.12. Anisotropic displacement parameters (Å2 × 103) for 2e. 
 
Atom U11 U22 U33 U23 U13 U12 
Al(1) 24(1) 20(1) 21(1) 0(1) 9(1) -1(1) 
N(1) 22(1) 21(1) 19(1) -1(1) 9(1) -1(1) 
O(1) 27(1) 19(1) 24(1) 1(1) 8(1) -3(1) 
C(1) 25(1) 20(1) 20(1) -2(1) 10(1) -3(1) 
C(2) 25(1) 22(1) 20(1) -3(1) 10(1) 0(1) 
C(3) 24(1) 23(1) 24(1) -2(1) 7(1) -1(1) 
C(4) 30(1) 26(1) 33(1) -3(1) 9(1) 4(1) 
C(5) 29(1) 28(1) 26(1) 4(1) 7(1) -2(1) 
C(6) 28(1) 26(1) 30(1) 1(1) 9(1) 0(1) 
C(7) 22(1) 26(1) 22(1) -3(1) 10(1) -2(1) 
C(8) 28(1) 22(1) 24(1) -4(1) 14(1) -2(1) 
C(9) 31(1) 22(1) 40(1) -1(1) 17(1) -3(1) 
C(10) 27(1) 20(1) 22(1) -1(1) 11(1) 2(1) 
C(11) 22(1) 23(1) 19(1) -2(1) 9(1) -1(1) 
C(12) 25(1) 20(1) 21(1) -2(1) 10(1) 0(1) 
C(13) 23(1) 22(1) 23(1) 0(1) 12(1) 1(1) 
C(14) 20(1) 24(1) 24(1) 1(1) 12(1) 0(1) 
C(15) 31(1) 25(1) 25(1) -1(1) 14(1) -1(1) 
C(16) 36(1) 24(1) 33(1) 2(1) 20(1) 3(1) 
C(17) 26(1) 31(1) 31(1) 10(1) 14(1) 4(1) 
C(18) 24(1) 34(1) 25(1) 3(1) 8(1) -5(1) 
C(19) 26(1) 25(1) 26(1) -1(1) 12(1) -4(1) 
C(20) 21(1) 22(1) 21(1) 3(1) 9(1) 0(1) 
C(21) 25(1) 26(1) 26(1) -2(1) 11(1) -2(1) 
C(22) 25(1) 30(1) 34(1) 1(1) 15(1) 2(1) 
C(23) 22(1) 28(1) 30(1) 3(1) 8(1) -3(1) 
C(24) 27(1) 23(1) 24(1) 0(1) 7(1) -3(1) 
C(25) 26(1) 22(1) 24(1) 1(1) 11(1) 1(1) 
C(26) 28(1) 23(1) 28(1) 2(1) 12(1) 2(1) 
C(27) 33(1) 29(1) 26(1) 1(1) 13(1) -5(1) 
 
 
Table A.13.  Atomic coordinates (× 10–4) and equivalent isotropic displacement 
parameters (Å2 × 103) for 2f. 
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Atom x y z U(eq) 
Al(1) 2460(1) 2085(1) 3333(1) 16(1) 
N(1) 4568(1) 2283(1) 4019(1) 15(1) 
O(1) 2038(1) 2843(1) 2890(1) 20(1) 
C(1) 2861(1) 3354(1) 2914(1) 16(1) 
C(2) 2217(1) 3946(1) 2871(1) 17(1) 
C(3) 568(1) 4031(1) 2883(1) 19(1) 
C(4) 134(2) 3725(1) 3904(1) 28(1) 
C(5) -312(1) 3751(1) 1856(1) 24(1) 
C(6) 145(1) 4713(1) 2920(1) 27(1) 
C(7) 3144(1) 4451(1) 2855(1) 19(1) 
C(8) 4660(1) 4404(1) 2909(1) 19(1) 
C(9) 5599(1) 4973(1) 2941(1) 25(1) 
C(10) 5262(1) 3820(1) 2998(1) 18(1) 
C(11) 4392(1) 3298(1) 3014(1) 16(1) 
C(12) 5127(1) 2678(1) 3170(1) 16(1) 
C(13) 4546(1) 2640(1) 5067(1) 16(1) 
C(14) 5962(1) 2959(1) 5510(1) 17(1) 
C(15) 6001(1) 3600(1) 5534(1) 20(1) 
C(16) 7274(2) 3912(1) 5930(1) 23(1) 
C(17) 8534(1) 3589(1) 6319(1) 24(1) 
C(18) 8509(1) 2951(1) 6315(1) 24(1) 
C(19) 7231(1) 2635(1) 5917(1) 21(1) 
C(20) 5397(1) 1705(1) 4219(1) 16(1) 
C(21) 6575(1) 1553(1) 3692(1) 18(1) 
C(22) 7326(1) 1005(1) 3939(1) 19(1) 
C(23) 6933(1) 594(1) 4700(1) 18(1) 
C(24) 5731(1) 746(1) 5204(1) 20(1) 
C(25) 4967(1) 1290(1) 4968(1) 19(1) 
C(26) 7767(1) 6(1) 4976(1) 23(1) 
C(27) 2618(1) 1511(1) 2134(1) 24(1) 
C(28) 1289(1) 1848(1) 4457(1) 27(1) 
 
 
Table A.14.  Bond lengths (Å) and angles (deg) for 2f. 
 
Atoms Bond length Atoms Bond length 
Al(1)-O(1) 1.7616(9) C(12)-H(12B) 0.99 
Al(1)-C(28) 1.9570(14) C(13)-C(14) 1.5121(16) 
Al(1)-C(27) 1.9638(13) C(13)-H(13A) 0.99 
Al(1)-N(1) 2.0532(10) C(13)-H(13B) 0.99 
N(1)-C(20) 1.4727(15) C(14)-C(15) 1.3923(18) 
N(1)-C(12) 1.5084(15) C(14)-C(19) 1.3963(17) 
N(1)-C(13) 1.5165(15) C(15)-C(16) 1.3830(18) 
O(1)-C(1) 1.3421(14) C(15)-H(15A) 0.95 
C(1)-C(11) 1.4074(17) C(16)-C(17) 1.384(2) 
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C(1)-C(2) 1.4156(17) C(16)-H(16A) 0.95 
C(2)-C(7) 1.3935(17) C(17)-C(18) 1.3860(19) 
C(2)-C(3) 1.5375(16) C(17)-H(17A) 0.95 
C(3)-C(5) 1.5337(17) C(18)-C(19) 1.3919(18) 
C(3)-C(6) 1.5338(17) C(18)-H(18A) 0.95 
C(3)-C(4) 1.5350(18) C(19)-H(19A) 0.95 
C(4)-H(4A) 0.98 C(20)-C(21) 1.3903(17) 
C(4)-H(4B) 0.98 C(20)-C(25) 1.3935(17) 
C(4)-H(4C) 0.98 C(21)-C(22) 1.3889(17) 
C(5)-H(5A) 0.98 C(21)-H(21A) 0.95 
C(5)-H(5B) 0.98 C(22)-C(23) 1.3866(18) 
C(5)-H(5C) 0.98 C(22)-H(22A) 0.95 
C(6)-H(6A) 0.98 C(23)-C(24) 1.3923(18) 
C(6)-H(6B) 0.98 C(23)-C(26) 1.5063(17) 
C(6)-H(6C) 0.98 C(24)-C(25) 1.3852(18) 
C(7)-C(8) 1.3968(17) C(24)-H(24A) 0.95 
C(7)-H(7A) 0.95 C(25)-H(25A) 0.95 
C(8)-C(10) 1.3831(17) C(26)-H(26A) 0.98 
C(8)-C(9) 1.5064(17) C(26)-H(26B) 0.98 
C(9)-H(9A) 0.98 C(26)-H(26C) 0.98 
C(9)-H(9B) 0.98 C(27)-H(27A) 0.98 
C(9)-H(9C) 0.98 C(27)-H(27B) 0.98 
C(10)-C(11) 1.3918(17) C(27)-H(27C) 0.98 
C(10)-H(10A) 0.95 C(28)-H(28A) 0.98 
C(11)-C(12) 1.5075(16) C(28)-H(28B) 0.98 
C(12)-H(12A) 0.99 C(28)-H(28C) 0.98 
 
Atoms Bond angle Atoms Bond angle 
O(1)-Al(1)-C(28) 110.42(5) C(11)-C(12)-H(12B) 108.8 
O(1)-Al(1)-C(27) 113.27(5) N(1)-C(12)-H(12B) 108.8 
C(28)-Al(1)-C(27) 118.92(6) H(12A)-C(12)-H(12B) 107.7 
O(1)-Al(1)-N(1) 94.95(4) C(14)-C(13)-N(1) 115.21(9) 
C(28)-Al(1)-N(1) 110.52(5) C(14)-C(13)-H(13A) 108.5 
C(27)-Al(1)-N(1) 105.97(5) N(1)-C(13)-H(13A) 108.5 
C(20)-N(1)-C(12) 112.33(9) C(14)-C(13)-H(13B) 108.5 
C(20)-N(1)-C(13) 111.36(9) N(1)-C(13)-H(13B) 108.5 
C(12)-N(1)-C(13) 110.95(9) H(13A)-C(13)-H(13B) 107.5 
C(20)-N(1)-Al(1) 109.24(7) C(15)-C(14)-C(19) 118.63(11) 
C(12)-N(1)-Al(1) 103.36(7) C(15)-C(14)-C(13) 118.96(11) 
C(13)-N(1)-Al(1) 109.27(7) C(19)-C(14)-C(13) 122.39(11) 
C(1)-O(1)-Al(1) 131.82(8) C(16)-C(15)-C(14) 120.94(12) 
O(1)-C(1)-C(11) 119.37(11) C(16)-C(15)-H(15A) 119.5 
O(1)-C(1)-C(2) 121.06(10) C(14)-C(15)-H(15A) 119.5 
C(11)-C(1)-C(2) 119.55(11) C(15)-C(16)-C(17) 120.23(12) 
C(7)-C(2)-C(1) 117.34(11) C(15)-C(16)-H(16A) 119.9 
C(7)-C(2)-C(3) 121.21(11) C(17)-C(16)-H(16A) 119.9 
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C(1)-C(2)-C(3) 121.41(11) C(16)-C(17)-C(18) 119.57(12) 
C(5)-C(3)-C(6) 107.59(10) C(16)-C(17)-H(17A) 120.2 
C(5)-C(3)-C(4) 110.10(11) C(18)-C(17)-H(17A) 120.2 
C(6)-C(3)-C(4) 107.13(11) C(17)-C(18)-C(19) 120.37(12) 
C(5)-C(3)-C(2) 110.4(1) C(17)-C(18)-H(18A) 119.8 
C(6)-C(3)-C(2) 111.91(10) C(19)-C(18)-H(18A) 119.8 
C(4)-C(3)-C(2) 109.65(10) C(18)-C(19)-C(14) 120.24(12) 
C(3)-C(4)-H(4A) 109.5 C(18)-C(19)-H(19A) 119.9 
C(3)-C(4)-H(4B) 109.5 C(14)-C(19)-H(19A) 119.9 
H(4A)-C(4)-H(4B) 109.5 C(21)-C(20)-C(25) 118.74(11) 
C(3)-C(4)-H(4C) 109.5 C(21)-C(20)-N(1) 123.16(11) 
H(4A)-C(4)-H(4C) 109.5 C(25)-C(20)-N(1) 118.11(10) 
H(4B)-C(4)-H(4C) 109.5 C(22)-C(21)-C(20) 120.01(11) 
C(3)-C(5)-H(5A) 109.5 C(22)-C(21)-H(21A) 120 
C(3)-C(5)-H(5B) 109.5 C(20)-C(21)-H(21A) 120 
H(5A)-C(5)-H(5B) 109.5 C(23)-C(22)-C(21) 121.95(11) 
C(3)-C(5)-H(5C) 109.5 C(23)-C(22)-H(22A) 119 
H(5A)-C(5)-H(5C) 109.5 C(21)-C(22)-H(22A) 119 
H(5B)-C(5)-H(5C) 109.5 C(22)-C(23)-C(24) 117.36(11) 
C(3)-C(6)-H(6A) 109.5 C(22)-C(23)-C(26) 121.60(11) 
C(3)-C(6)-H(6B) 109.5 C(24)-C(23)-C(26) 121.04(11) 
H(6A)-C(6)-H(6B) 109.5 C(25)-C(24)-C(23) 121.56(12) 
C(3)-C(6)-H(6C) 109.5 C(25)-C(24)-H(24A) 119.2 
H(6A)-C(6)-H(6C) 109.5 C(23)-C(24)-H(24A) 119.2 
H(6B)-C(6)-H(6C) 109.5 C(24)-C(25)-C(20) 120.35(11) 
C(2)-C(7)-C(8) 123.87(11) C(24)-C(25)-H(25A) 119.8 
C(2)-C(7)-H(7A) 118.1 C(20)-C(25)-H(25A) 119.8 
C(8)-C(7)-H(7A) 118.1 C(23)-C(26)-H(26A) 109.5 
C(10)-C(8)-C(7) 117.32(11) C(23)-C(26)-H(26B) 109.5 
C(10)-C(8)-C(9) 121.79(11) H(26A)-C(26)-H(26B) 109.5 
C(7)-C(8)-C(9) 120.78(11) C(23)-C(26)-H(26C) 109.5 
C(8)-C(9)-H(9A) 109.5 H(26A)-C(26)-H(26C) 109.5 
C(8)-C(9)-H(9B) 109.5 H(26B)-C(26)-H(26C) 109.5 
H(9A)-C(9)-H(9B) 109.5 Al(1)-C(27)-H(27A) 109.5 
C(8)-C(9)-H(9C) 109.5 Al(1)-C(27)-H(27B) 109.5 
H(9A)-C(9)-H(9C) 109.5 H(27A)-C(27)-H(27B) 109.5 
H(9B)-C(9)-H(9C) 109.5 Al(1)-C(27)-H(27C) 109.5 
C(8)-C(10)-C(11) 121.48(11) H(27A)-C(27)-H(27C) 109.5 
C(8)-C(10)-H(10A) 119.3 H(27B)-C(27)-H(27C) 109.5 
C(11)-C(10)-H(10A) 119.3 Al(1)-C(28)-H(28A) 109.5 
C(10)-C(11)-C(1) 120.29(11) Al(1)-C(28)-H(28B) 109.5 
C(10)-C(11)-C(12) 118.67(11) H(28A)-C(28)-H(28B) 109.5 
C(1)-C(11)-C(12) 121.02(11) Al(1)-C(28)-H(28C) 109.5 
C(11)-C(12)-N(1) 113.84(9) H(28A)-C(28)-H(28C) 109.5 
C(11)-C(12)-H(12A) 108.8 H(28B)-C(28)-H(28C) 109.5 
N(1)-C(12)-H(12A) 108.8      
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Table A.15. Anisotropic displacement parameters (Å2 × 103) for 2f. 
 
Atom U11 U22 U33 U23 U13 U12 
Al(1) 14(1) 16(1) 19(1) 0(1) 2(1) -1(1) 
N(1) 15(1) 16(1) 15(1) 0(1) 2(1) 1(1) 
O(1) 14(1) 17(1) 26(1) 2(1) 0(1) -2(1) 
C(1) 15(1) 18(1) 14(1) 0(1) 1(1) -1(1) 
C(2) 16(1) 20(1) 14(1) -1(1) 1(1) 1(1) 
C(3) 14(1) 21(1) 22(1) 0(1) 2(1) 2(1) 
C(4) 20(1) 39(1) 28(1) 5(1) 9(1) 4(1) 
C(5) 17(1) 24(1) 28(1) -3(1) -2(1) 3(1) 
C(6) 17(1) 24(1) 40(1) -5(1) 3(1) 3(1) 
C(7) 19(1) 18(1) 19(1) 0(1) 2(1) 2(1) 
C(8) 18(1) 21(1) 17(1) 0(1) 3(1) -1(1) 
C(9) 20(1) 21(1) 33(1) 1(1) 3(1) -2(1) 
C(10) 14(1) 23(1) 17(1) 1(1) 3(1) 0(1) 
C(11) 17(1) 19(1) 13(1) 1(1) 2(1) 1(1) 
C(12) 15(1) 19(1) 15(1) 2(1) 4(1) 1(1) 
C(13) 16(1) 19(1) 15(1) -1(1) 3(1) 2(1) 
C(14) 18(1) 21(1) 13(1) -2(1) 4(1) 0(1) 
C(15) 22(1) 21(1) 16(1) -2(1) 4(1) 2(1) 
C(16) 28(1) 21(1) 22(1) -4(1) 6(1) -4(1) 
C(17) 21(1) 30(1) 24(1) -7(1) 6(1) -7(1) 
C(18) 18(1) 29(1) 25(1) -4(1) 0(1) 2(1) 
C(19) 21(1) 20(1) 21(1) -3(1) 2(1) 1(1) 
C(20) 14(1) 16(1) 16(1) -2(1) -2(1) 0(1) 
C(21) 17(1) 20(1) 17(1) 0(1) 2(1) -1(1) 
C(22) 16(1) 21(1) 21(1) -3(1) 3(1) 2(1) 
C(23) 17(1) 18(1) 18(1) -3(1) -3(1) 0(1) 
C(24) 21(1) 19(1) 19(1) 2(1) 1(1) -1(1) 
C(25) 17(1) 20(1) 20(1) -1(1) 4(1) 0(1) 
C(26) 22(1) 21(1) 27(1) 1(1) 1(1) 3(1) 
C(27) 20(1) 24(1) 27(1) -5(1) 0(1) 0(1) 
C(28) 19(1) 30(1) 31(1) 6(1) 7(1) -1(1) 
 
 
Table A.16.  Atomic coordinates (× 10–4) and equivalent isotropic displacement 
parameters (Å2 × 103) for 6. 
 
Atom x y z U(eq) 
Al1A1 8163(1) 5324(1) 3095(1) 16(1) 
O1A1 7716(1) 5545(1) 1842(1) 19(1) 
N1A1 6930(1) 5559(1) 3700(1) 16(1) 
C1A1 6655(1) 5666(1) 1320(1) 17(1) 
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C2A1 6193(1) 5617(1) 203(1) 18(1) 
C3A1 6905(1) 5418(1) -417(1) 20(1) 
C4A1 8027(1) 5636(1) -272(1) 19(1) 
C5A1 7967(1) 6018(1) -515(1) 21(1) 
C6A1 8943(1) 6226(1) -445(1) 27(1) 
C7A1 10011(1) 6057(1) -133(1) 32(1) 
C8A1 10089(1) 5679(1) 113(1) 33(1) 
C9A1 9108(1) 5471(1) 46(1) 27(1) 
C10A1 7102(1) 5008(1) -41(1) 27(1) 
C11A1 6278(1) 5406(1) -1628(1) 25(1) 
C12A1 5094(1) 5754(1) -291(1) 20(1) 
C13A1 4442(1) 5935(1) 268(1) 21(1) 
C14A1 3243(1) 6069(1) -313(1) 29(1) 
C15A1 4920(1) 5983(1) 1362(1) 21(1) 
C16A1 6015(1) 5850(1) 1895(1) 18(1) 
C17A1 6545(1) 5916(1) 3076(1) 18(1) 
C18A1 5926(1) 5291(1) 3529(1) 18(1) 
C19A1 4911(1) 5434(1) 3848(1) 19(1) 
C20A1 3871(1) 5494(1) 3056(1) 22(1) 
C21A1 2900(1) 5603(1) 3321(1) 28(1) 
C22A1 2964(1) 5657(1) 4381(1) 30(1) 
C23A1 3990(1) 5599(1) 5175(1) 27(1) 
C24A1 4958(1) 5483(1) 4916(1) 23(1) 
C25A1 7466(1) 5625(1) 4852(1) 18(1) 
C26A1 7446(1) 5971(1) 5332(1) 22(1) 
C27A1 7947(1) 6008(1) 6431(1) 26(1) 
C28A1 8475(1) 5707(1) 7049(1) 28(1) 
C29A1 8506(1) 5364(1) 6565(1) 27(1) 
C30A1 8002(1) 5322(1) 5473(1) 23(1) 
C31A1 9656(1) 5522(1) 3920(1) 26(1) 
C32A1 7918(1) 4780(1) 2998(1) 24(1) 
Al1B2 4820(1) 6753(1) 6208(1) 19(1) 
O1B2 5902(1) 7090(1) 6669(1) 24(1) 
N1B2 3459(1) 7089(1) 6246(1) 18(1) 
C1B2 5860(1) 7451(1) 6924(1) 22(1) 
C2B2 6802(1) 7688(1) 6987(1) 24(1) 
C3B2 7885(1) 7522(1) 6813(1) 26(1) 
C4B2 7614(1) 7339(1) 5703(1) 23(1) 
C5B2 6805(1) 7502(1) 4826(1) 27(1) 
C6B2 6604(1) 7358(1) 3805(1) 30(1) 
C7B2 7206(1) 7050(1) 3628(1) 31(1) 
C8B2 8021(1) 6889(1) 4484(1) 31(1) 
C9B2 8217(1) 7031(1) 5509(1) 27(1) 
C10B2 8418(1) 7240(1) 7720(1) 32(1) 
C11B2 8789(1) 7826(1) 6851(1) 33(1) 
C12B2 6715(1) 8064(1) 7242(1) 27(1) 
C13B2 5749(1) 8212(1) 7446(1) 27(1) 
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C14B2 5671(2) 8621(1) 7702(1) 36(1) 
C15B2 4845(1) 7972(1) 7400(1) 24(1) 
C16B2 4886(1) 7595(1) 7138(1) 21(1) 
C17B2 3933(1) 7339(1) 7202(1) 20(1) 
C18B2 3041(1) 7319(1) 5231(1) 21(1) 
C19B2 2086(1) 7591(1) 5201(1) 21(1) 
C20B2 2318(1) 7970(1) 5408(1) 24(1) 
C21B2 1441(1) 8221(1) 5376(1) 28(1) 
C22B2 323(1) 8096(1) 5118(1) 28(1) 
C23B2 77(1) 7721(1) 4892(1) 26(1) 
C24B2 956(1) 7469(1) 4933(1) 23(1) 
C25B2 2554(1) 6841(1) 6388(1) 20(1) 
C26B2 2153(1) 6862(1) 7267(1) 24(1) 
C27B2 1329(1) 6609(1) 7375(1) 31(1) 
C28B2 908(1) 6335(1) 6619(2) 34(1) 
C29B2 1308(1) 6315(1) 5744(1) 34(1) 
C30B2 2124(1) 6565(1) 5622(1) 28(1) 
C31B2 4660(1) 6610(1) 4726(1) 24(1) 
C32B2 4945(1) 6369(1) 7294(1) 28(1) 
 
 
Table A.17.  Bond lengths (Å) and angles (deg) for 6. 
 
Atoms Bond length Atoms Bond length 
Al1A1-O1A1 1.7562(10) Al1B2-C31B2 1.9631(14) 
Al1A1-C31A1 1.9518(14) Al1B2-N1B2 2.0643(12) 
Al1A1-C32A1 1.9641(14) O1B2-C1B2 1.3386(16) 
Al1A1-N1A1 2.0812(11) N1B2-C25B2 1.4717(17) 
O1A1-C1A1 1.3420(15) N1B2-C17B2 1.5046(16) 
N1A1-C25A1 1.4743(16) N1B2-C18B2 1.5174(17) 
N1A1-C17A1 1.5110(16) C1B2-C16B2 1.400(2) 
N1A1-C18A1 1.5177(16) C1B2-C2B2 1.4101(19) 
C1A1-C16A1 1.4046(18) C2B2-C12B2 1.396(2) 
C1A1-C2A1 1.4131(18) C2B2-C3B2 1.529(2) 
C2A1-C12A1 1.3916(18) C3B2-C4B2 1.5387(19) 
C2A1-C3A1 1.5335(19) C3B2-C11B2 1.541(2) 
C3A1-C4A1 1.5382(19) C3B2-C10B2 1.543(2) 
C3A1-C10A1 1.5415(18) C4B2-C9B2 1.391(2) 
C3A1-C11A1 1.5423(19) C4B2-C5B2 1.397(2) 
C4A1-C9A1 1.3906(19) C5B2-C6B2 1.388(2) 
C4A1-C5A1 1.3976(19) C5B2-H5B2 0.95 
C5A1-C6A1 1.385(2) C6B2-C7B2 1.380(2) 
C5A1-H5A1 0.95 C6B2-H6B2 0.95 
C6A1-C7A1 1.383(2) C7B2-C8B2 1.382(2) 
C6A1-H6A1 0.95 C7B2-H7B2 0.95 
C7A1-C8A1 1.385(2) C8B2-C9B2 1.390(2) 
C7A1-H7A1 0.95 C8B2-H8B2 0.95 
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C8A1-C9A1 1.392(2) C9B2-H9B2 0.95 
C8A1-H8A1 0.95 C10B2-H10A2 0.98 
C9A1-H9A1 0.95 C10B2-H10B2 0.98 
C10A1-H10A1 0.98 C10B2-H10C2 0.98 
C10A1-H10B1 0.98 C11B2-H11A2 0.98 
C10A1-H10C1 0.98 C11B2-H11B2 0.98 
C11A1-H11A1 0.98 C11B2-H11C2 0.98 
C11A1-H11B1 0.98 C12B2-C13B2 1.391(2) 
C11A1-H11C1 0.98 C12B2-H12B2 0.95 
C12A1-C13A1 1.395(2) C13B2-C15B2 1.386(2) 
C12A1-H12A1 0.95 C13B2-C14B2 1.509(2) 
C13A1-C15A1 1.388(2) C14B2-H14A2 0.98 
C13A1-C14A1 1.5103(19) C14B2-H14B2 0.98 
C14A1-H14A1 0.98 C14B2-H14C2 0.98 
C14A1-H14B1 0.98 C14B2-H14D2 0.98 
C14A1-H14C1 0.98 C14B2-H14E2 0.98 
C15A1-C16A1 1.3937(18) C14B2-H14F2 0.98 
C15A1-H15A1 0.95 C15B2-C16B2 1.3934(19) 
C16A1-C17A1 1.5077(18) C15B2-H15B2 0.95 
C17A1-H17A1 0.99 C16B2-C17B2 1.5048(19) 
C17A1-H17B1 0.99 C17B2-H17A2 0.99 
C18A1-C19A1 1.5133(18) C17B2-H17B2 0.99 
C18A1-H18A1 0.99 C18B2-C19B2 1.5089(19) 
C18A1-H18B1 0.99 C18B2-H18A2 0.99 
C19A1-C20A1 1.3943(19) C18B2-H18B2 0.99 
C19A1-C24A1 1.396(2) C19B2-C24B2 1.389(2) 
C20A1-C21A1 1.389(2) C19B2-C20B2 1.3934(19) 
C20A1-H20A1 0.95 C20B2-C21B2 1.389(2) 
C21A1-C22A1 1.384(2) C20B2-H20B2 0.95 
C21A1-H21A1 0.95 C21B2-C22B2 1.379(2) 
C22A1-C23A1 1.383(2) C21B2-H21B2 0.95 
C22A1-H22A1 0.95 C22B2-C23B2 1.387(2) 
C23A1-C24A1 1.390(2) C22B2-H22B2 0.95 
C23A1-H23A1 0.95 C23B2-C24B2 1.389(2) 
C24A1-H24A1 0.95 C23B2-H23B2 0.95 
C25A1-C26A1 1.3895(18) C24B2-H24B2 0.95 
C25A1-C30A1 1.3927(19) C25B2-C26B2 1.386(2) 
C26A1-C27A1 1.392(2) C25B2-C30B2 1.392(2) 
C26A1-H26A1 0.95 C26B2-C27B2 1.393(2) 
C27A1-C28A1 1.384(2) C26B2-H26B2 0.95 
C27A1-H27A1 0.95 C27B2-C28B2 1.376(2) 
C28A1-C29A1 1.386(2) C27B2-H27B2 0.95 
C28A1-H28A1 0.95 C28B2-C29B2 1.381(2) 
C29A1-C30A1 1.387(2) C28B2-H28B2 0.95 
C29A1-H29A1 0.95 C29B2-C30B2 1.385(2) 
C30A1-H30A1 0.95 C29B2-H29B2 0.95 
C31A1-H31A1 0.98 C30B2-H30B2 0.95 
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C31A1-H31B1 0.98 C31B2-H31A2 0.98 
C31A1-H31C1 0.98 C31B2-H31B2 0.98 
C32A1-H32A1 0.98 C31B2-H31C2 0.98 
C32A1-H32B1 0.98 C32B2-H32A2 0.98 
C32A1-H32C1 0.98 C32B2-H32B2 0.98 
Al1B2-O1B2 1.7549(11) C32B2-H32C2 0.98 
Al1B2-C32B2 1.9510(15)      
 
Atoms Bond angle Atoms Bond angle 
O1A1-Al1A1-C31A1 109.27(6) C25B2-N1B2-C18B2 111.76(10) 
O1A1-Al1A1-C32A1 112.68(6) C17B2-N1B2-C18B2 110.71(10) 
C31A1-Al1A1-C32A1 119.62(7) C25B2-N1B2-Al1B2 107.25(8) 
O1A1-Al1A1-N1A1 96.92(4) C17B2-N1B2-Al1B2 104.77(8) 
C31A1-Al1A1-N1A1 107.81(6) C18B2-N1B2-Al1B2 110.66(8) 
C32A1-Al1A1-N1A1 107.99(5) O1B2-C1B2-C16B2 120.15(12) 
C1A1-O1A1-Al1A1 126.98(8) O1B2-C1B2-C2B2 119.93(13) 
C25A1-N1A1-C17A1 112.89(10) C16B2-C1B2-C2B2 119.92(13) 
C25A1-N1A1-C18A1 109.91(10) C12B2-C2B2-C1B2 117.95(14) 
C17A1-N1A1-C18A1 110.2(1) C12B2-C2B2-C3B2 122.78(13) 
C25A1-N1A1-Al1A1 107.94(8) C1B2-C2B2-C3B2 119.24(13) 
C17A1-N1A1-Al1A1 106.06(8) C2B2-C3B2-C4B2 110.98(11) 
C18A1-N1A1-Al1A1 109.74(8) C2B2-C3B2-C11B2 111.51(13) 
O1A1-C1A1-C16A1 119.07(12) C4B2-C3B2-C11B2 106.05(12) 
O1A1-C1A1-C2A1 120.75(12) C2B2-C3B2-C10B2 108.64(12) 
C16A1-C1A1-C2A1 120.17(12) C4B2-C3B2-C10B2 111.95(13) 
C12A1-C2A1-C1A1 117.76(12) C11B2-C3B2-C10B2 107.66(12) 
C12A1-C2A1-C3A1 122.62(12) C9B2-C4B2-C5B2 117.49(13) 
C1A1-C2A1-C3A1 119.62(11) C9B2-C4B2-C3B2 122.35(13) 
C2A1-C3A1-C4A1 109.27(10) C5B2-C4B2-C3B2 119.93(13) 
C2A1-C3A1-C10A1 109.20(11) C6B2-C5B2-C4B2 120.99(15) 
C4A1-C3A1-C10A1 113.16(11) C6B2-C5B2-H5B2 119.5 
C2A1-C3A1-C11A1 112.09(11) C4B2-C5B2-H5B2 119.5 
C4A1-C3A1-C11A1 106.72(11) C7B2-C6B2-C5B2 120.73(15) 
C10A1-C3A1-C11A1 106.41(11) C7B2-C6B2-H6B2 119.6 
C9A1-C4A1-C5A1 117.56(13) C5B2-C6B2-H6B2 119.6 
C9A1-C4A1-C3A1 123.64(12) C6B2-C7B2-C8B2 119.07(14) 
C5A1-C4A1-C3A1 118.74(12) C6B2-C7B2-H7B2 120.5 
C6A1-C5A1-C4A1 121.55(13) C8B2-C7B2-H7B2 120.5 
C6A1-C5A1-H5A1 119.2 C7B2-C8B2-C9B2 120.31(15) 
C4A1-C5A1-H5A1 119.2 C7B2-C8B2-H8B2 119.8 
C7A1-C6A1-C5A1 120.20(14) C9B2-C8B2-H8B2 119.8 
C7A1-C6A1-H6A1 119.9 C8B2-C9B2-C4B2 121.40(15) 
C5A1-C6A1-H6A1 119.9 C8B2-C9B2-H9B2 119.3 
C6A1-C7A1-C8A1 119.13(14) C4B2-C9B2-H9B2 119.3 
C6A1-C7A1-H7A1 120.4 C3B2-C10B2-H10A2 109.5 
C8A1-C7A1-H7A1 120.4 C3B2-C10B2-H10B2 109.5 
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C7A1-C8A1-C9A1 120.59(14) H10A2-C10B2-H10B2 109.5 
C7A1-C8A1-H8A1 119.7 C3B2-C10B2-H10C2 109.5 
C9A1-C8A1-H8A1 119.7 H10A2-C10B2-H10C2 109.5 
C4A1-C9A1-C8A1 120.98(14) H10B2-C10B2-H10C2 109.5 
C4A1-C9A1-H9A1 119.5 C3B2-C11B2-H11A2 109.5 
C8A1-C9A1-H9A1 119.5 C3B2-C11B2-H11B2 109.5 
C3A1-C10A1-H10A1 109.5 H11A2-C11B2-H11B2 109.5 
C3A1-C10A1-H10B1 109.5 C3B2-C11B2-H11C2 109.5 
H10A1-C10A1-H10B1 109.5 H11A2-C11B2-H11C2 109.5 
C3A1-C10A1-H10C1 109.5 H11B2-C11B2-H11C2 109.5 
H10A1-C10A1-H10C1 109.5 C13B2-C12B2-C2B2 122.89(14) 
H10B1-C10A1-H10C1 109.5 C13B2-C12B2-H12B2 118.6 
C3A1-C11A1-H11A1 109.5 C2B2-C12B2-H12B2 118.6 
C3A1-C11A1-H11B1 109.5 C15B2-C13B2-C12B2 117.95(13) 
H11A1-C11A1-H11B1 109.5 C15B2-C13B2-C14B2 120.34(15) 
C3A1-C11A1-H11C1 109.5 C12B2-C13B2-C14B2 121.70(14) 
H11A1-C11A1-H11C1 109.5 C13B2-C14B2-H14A2 109.5 
H11B1-C11A1-H11C1 109.5 C13B2-C14B2-H14B2 109.5 
C2A1-C12A1-C13A1 122.93(13) H14A2-C14B2-H14B2 109.5 
C2A1-C12A1-H12A1 118.5 C13B2-C14B2-H14C2 109.5 
C13A1-C12A1-H12A1 118.5 H14A2-C14B2-H14C2 109.5 
C15A1-C13A1-C12A1 118.22(12) H14B2-C14B2-H14C2 109.5 
C15A1-C13A1-C14A1 121.54(13) C13B2-C14B2-H14D2 109.5 
C12A1-C13A1-C14A1 120.24(13) H14A2-C14B2-H14D2 141.1 
C13A1-C14A1-H14A1 109.5 H14B2-C14B2-H14D2 56.3 
C13A1-C14A1-H14B1 109.5 H14C2-C14B2-H14D2 56.3 
H14A1-C14A1-H14B1 109.5 C13B2-C14B2-H14E2 109.5 
C13A1-C14A1-H14C1 109.5 H14A2-C14B2-H14E2 56.3 
H14A1-C14A1-H14C1 109.5 H14B2-C14B2-H14E2 141.1 
H14B1-C14A1-H14C1 109.5 H14C2-C14B2-H14E2 56.3 
C13A1-C15A1-C16A1 121.07(13) H14D2-C14B2-H14E2 109.5 
C13A1-C15A1-H15A1 119.5 C13B2-C14B2-H14F2 109.5 
C16A1-C15A1-H15A1 119.5 H14A2-C14B2-H14F2 56.3 
C15A1-C16A1-C1A1 119.85(12) H14B2-C14B2-H14F2 56.3 
C15A1-C16A1-C17A1 120.72(12) H14C2-C14B2-H14F2 141.1 
C1A1-C16A1-C17A1 119.38(11) H14D2-C14B2-H14F2 109.5 
C16A1-C17A1-N1A1 113.06(10) H14E2-C14B2-H14F2 109.5 
C16A1-C17A1-H17A1 109 C13B2-C15B2-C16B2 121.34(14) 
N1A1-C17A1-H17A1 109 C13B2-C15B2-H15B2 119.3 
C16A1-C17A1-H17B1 109 C16B2-C15B2-H15B2 119.3 
N1A1-C17A1-H17B1 109 C15B2-C16B2-C1B2 119.93(13) 
H17A1-C17A1-H17B1 107.8 C15B2-C16B2-C17B2 119.14(13) 
C19A1-C18A1-N1A1 116.24(10) C1B2-C16B2-C17B2 120.62(12) 
C19A1-C18A1-H18A1 108.2 N1B2-C17B2-C16B2 115.01(11) 
N1A1-C18A1-H18A1 108.2 N1B2-C17B2-H17A2 108.5 
C19A1-C18A1-H18B1 108.2 C16B2-C17B2-H17A2 108.5 
N1A1-C18A1-H18B1 108.2 N1B2-C17B2-H17B2 108.5 
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H18A1-C18A1-H18B1 107.4 C16B2-C17B2-H17B2 108.5 
C20A1-C19A1-C24A1 118.64(13) H17A2-C17B2-H17B2 107.5 
C20A1-C19A1-C18A1 119.04(12) C19B2-C18B2-N1B2 115.02(11) 
C24A1-C19A1-C18A1 122.17(12) C19B2-C18B2-H18A2 108.5 
C21A1-C20A1-C19A1 120.83(14) N1B2-C18B2-H18A2 108.5 
C21A1-C20A1-H20A1 119.6 C19B2-C18B2-H18B2 108.5 
C19A1-C20A1-H20A1 119.6 N1B2-C18B2-H18B2 108.5 
C22A1-C21A1-C20A1 119.91(14) H18A2-C18B2-H18B2 107.5 
C22A1-C21A1-H21A1 120 C24B2-C19B2-C20B2 118.78(13) 
C20A1-C21A1-H21A1 120 C24B2-C19B2-C18B2 120.53(12) 
C23A1-C22A1-C21A1 119.90(14) C20B2-C19B2-C18B2 120.66(13) 
C23A1-C22A1-H22A1 120.1 C21B2-C20B2-C19B2 120.83(14) 
C21A1-C22A1-H22A1 120.1 C21B2-C20B2-H20B2 119.6 
C22A1-C23A1-C24A1 120.39(14) C19B2-C20B2-H20B2 119.6 
C22A1-C23A1-H23A1 119.8 C22B2-C21B2-C20B2 119.77(14) 
C24A1-C23A1-H23A1 119.8 C22B2-C21B2-H21B2 120.1 
C23A1-C24A1-C19A1 120.30(14) C20B2-C21B2-H21B2 120.1 
C23A1-C24A1-H24A1 119.9 C21B2-C22B2-C23B2 120.06(14) 
C19A1-C24A1-H24A1 119.9 C21B2-C22B2-H22B2 120 
C26A1-C25A1-C30A1 119.61(13) C23B2-C22B2-H22B2 120 
C26A1-C25A1-N1A1 123.01(12) C22B2-C23B2-C24B2 120.11(14) 
C30A1-C25A1-N1A1 117.38(11) C22B2-C23B2-H23B2 119.9 
C25A1-C26A1-C27A1 119.49(13) C24B2-C23B2-H23B2 119.9 
C25A1-C26A1-H26A1 120.3 C23B2-C24B2-C19B2 120.44(13) 
C27A1-C26A1-H26A1 120.3 C23B2-C24B2-H24B2 119.8 
C28A1-C27A1-C26A1 120.96(14) C19B2-C24B2-H24B2 119.8 
C28A1-C27A1-H27A1 119.5 C26B2-C25B2-C30B2 119.26(13) 
C26A1-C27A1-H27A1 119.5 C26B2-C25B2-N1B2 122.81(12) 
C27A1-C28A1-C29A1 119.34(13) C30B2-C25B2-N1B2 117.87(12) 
C27A1-C28A1-H28A1 120.3 C25B2-C26B2-C27B2 119.92(14) 
C29A1-C28A1-H28A1 120.3 C25B2-C26B2-H26B2 120 
C28A1-C29A1-C30A1 120.28(14) C27B2-C26B2-H26B2 120 
C28A1-C29A1-H29A1 119.9 C28B2-C27B2-C26B2 120.76(15) 
C30A1-C29A1-H29A1 119.9 C28B2-C27B2-H27B2 119.6 
C29A1-C30A1-C25A1 120.31(13) C26B2-C27B2-H27B2 119.6 
C29A1-C30A1-H30A1 119.8 C27B2-C28B2-C29B2 119.21(14) 
C25A1-C30A1-H30A1 119.8 C27B2-C28B2-H28B2 120.4 
Al1A1-C31A1-H31A1 109.5 C29B2-C28B2-H28B2 120.4 
Al1A1-C31A1-H31B1 109.5 C28B2-C29B2-C30B2 120.79(15) 
H31A1-C31A1-H31B1 109.5 C28B2-C29B2-H29B2 119.6 
Al1A1-C31A1-H31C1 109.5 C30B2-C29B2-H29B2 119.6 
H31A1-C31A1-H31C1 109.5 C29B2-C30B2-C25B2 120.05(15) 
H31B1-C31A1-H31C1 109.5 C29B2-C30B2-H30B2 120 
Al1A1-C32A1-H32A1 109.5 C25B2-C30B2-H30B2 120 
Al1A1-C32A1-H32B1 109.5 Al1B2-C31B2-H31A2 109.5 
H32A1-C32A1-H32B1 109.5 Al1B2-C31B2-H31B2 109.5 
Al1A1-C32A1-H32C1 109.5 H31A2-C31B2-H31B2 109.5 
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H32A1-C32A1-H32C1 109.5 Al1B2-C31B2-H31C2 109.5 
H32B1-C32A1-H32C1 109.5 H31A2-C31B2-H31C2 109.5 
O1B2-Al1B2-C32B2 110.25(6) H31B2-C31B2-H31C2 109.5 
O1B2-Al1B2-C31B2 110.99(6) Al1B2-C32B2-H32A2 109.5 
C32B2-Al1B2-C31B2 120.21(6) Al1B2-C32B2-H32B2 109.5 
O1B2-Al1B2-N1B2 97.05(5) H32A2-C32B2-H32B2 109.5 
C32B2-Al1B2-N1B2 106.04(6) Al1B2-C32B2-H32C2 109.5 
C31B2-Al1B2-N1B2 109.67(6) H32A2-C32B2-H32C2 109.5 
C1B2-O1B2-Al1B2 131.69(9) H32B2-C32B2-H32C2 109.5  
C25B2-N1B2-C17B2 111.41(10)      
 
 
Table A.18. Anisotropic displacement parameters (Å2 × 103) for 6. 
 
Atom U11 U22 U33 U23 U13 U12 
Al1A1 15(1) 16(1) 17(1) 1(1) 4(1) 0(1) 
O1A1 16(1) 24(1) 19(1) 4(1) 6(1) 4(1) 
N1A1 18(1) 14(1) 18(1) 1(1) 6(1) -1(1) 
C1A1 16(1) 15(1) 21(1) 5(1) 6(1) -1(1) 
C2A1 19(1) 14(1) 21(1) 3(1) 7(1) -3(1) 
C3A1 24(1) 15(1) 19(1) 1(1) 6(1) 1(1) 
C4A1 23(1) 21(1) 14(1) -2(1) 7(1) 1(1) 
C5A1 23(1) 22(1) 22(1) -1(1) 10(1) 2(1) 
C6A1 31(1) 26(1) 30(1) -5(1) 16(1) -5(1) 
C7A1 25(1) 42(1) 34(1) -10(1) 13(1) -7(1) 
C8A1 21(1) 45(1) 34(1) -4(1) 8(1) 7(1) 
C9A1 28(1) 28(1) 25(1) -1(1) 8(1) 7(1) 
C10A1 36(1) 17(1) 27(1) 2(1) 9(1) 3(1) 
C11A1 30(1) 22(1) 20(1) -2(1) 4(1) -2(1) 
C12A1 20(1) 18(1) 21(1) 4(1) 3(1) -3(1) 
C13A1 17(1) 17(1) 29(1) 8(1) 5(1) -1(1) 
C14A1 18(1) 29(1) 37(1) 8(1) 4(1) 2(1) 
C15A1 19(1) 16(1) 29(1) 6(1) 11(1) 1(1) 
C16A1 19(1) 15(1) 21(1) 4(1) 8(1) 0(1) 
C17A1 20(1) 14(1) 22(1) 2(1) 9(1) 1(1) 
C18A1 19(1) 16(1) 21(1) -1(1) 8(1) -3(1) 
C19A1 19(1) 14(1) 27(1) 1(1) 12(1) -3(1) 
C20A1 23(1) 17(1) 29(1) 1(1) 10(1) -3(1) 
C21A1 20(1) 21(1) 44(1) 3(1) 12(1) -1(1) 
C22A1 27(1) 20(1) 51(1) -1(1) 23(1) -1(1) 
C23A1 35(1) 20(1) 36(1) -3(1) 23(1) -6(1) 
C24A1 24(1) 19(1) 28(1) 0(1) 12(1) -5(1) 
C25A1 18(1) 21(1) 18(1) -1(1) 8(1) -4(1) 
C26A1 22(1) 22(1) 24(1) -3(1) 12(1) -3(1) 
C27A1 29(1) 29(1) 25(1) -9(1) 15(1) -8(1) 
C28A1 28(1) 41(1) 19(1) -3(1) 10(1) -7(1) 
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C29A1 29(1) 32(1) 21(1) 4(1) 7(1) 0(1) 
C30A1 26(1) 23(1) 21(1) 0(1) 9(1) 0(1) 
C31A1 20(1) 33(1) 25(1) 1(1) 5(1) -4(1) 
C32A1 29(1) 19(1) 27(1) 1(1) 11(1) 2(1) 
Al1B2 22(1) 16(1) 19(1) 0(1) 7(1) 1(1) 
O1B2 23(1) 19(1) 30(1) -3(1) 9(1) -1(1) 
N1B2 22(1) 17(1) 17(1) 0(1) 7(1) -1(1) 
C1B2 26(1) 21(1) 18(1) -2(1) 6(1) -2(1) 
C2B2 26(1) 26(1) 18(1) -2(1) 6(1) -5(1) 
C3B2 23(1) 33(1) 21(1) -3(1) 6(1) -6(1) 
C4B2 21(1) 27(1) 22(1) -1(1) 7(1) -7(1) 
C5B2 22(1) 34(1) 25(1) 1(1) 9(1) -2(1) 
C6B2 24(1) 45(1) 22(1) 4(1) 6(1) -8(1) 
C7B2 37(1) 36(1) 24(1) -7(1) 16(1) -16(1) 
C8B2 38(1) 25(1) 35(1) -4(1) 18(1) -8(1) 
C9B2 30(1) 26(1) 27(1) 2(1) 9(1) -5(1) 
C10B2 27(1) 47(1) 22(1) 0(1) 5(1) 2(1) 
C11B2 29(1) 44(1) 28(1) -11(1) 10(1) -14(1) 
C12B2 32(1) 26(1) 22(1) -3(1) 6(1) -10(1) 
C13B2 39(1) 20(1) 21(1) -3(1) 6(1) -5(1) 
C14B2 49(1) 21(1) 34(1) -6(1) 9(1) -6(1) 
C15B2 32(1) 22(1) 20(1) -3(1) 9(1) 0(1) 
C16B2 26(1) 20(1) 17(1) -2(1) 7(1) -2(1) 
C17B2 25(1) 20(1) 17(1) -2(1) 9(1) 0(1) 
C18B2 26(1) 21(1) 17(1) 1(1) 9(1) 2(1) 
C19B2 28(1) 21(1) 15(1) 3(1) 8(1) 3(1) 
C20B2 31(1) 22(1) 22(1) 5(1) 10(1) 0(1) 
C21B2 41(1) 18(1) 27(1) 4(1) 14(1) 3(1) 
C22B2 35(1) 25(1) 27(1) 7(1) 14(1) 9(1) 
C23B2 26(1) 28(1) 24(1) 4(1) 8(1) 2(1) 
C24B2 28(1) 21(1) 20(1) 1(1) 6(1) 1(1) 
C25B2 19(1) 17(1) 24(1) 4(1) 6(1) 2(1) 
C26B2 24(1) 25(1) 25(1) 4(1) 8(1) 2(1) 
C27B2 26(1) 36(1) 35(1) 11(1) 14(1) 2(1) 
C28B2 21(1) 28(1) 53(1) 8(1) 12(1) -2(1) 
C29B2 26(1) 26(1) 47(1) -7(1) 9(1) -5(1) 
C30B2 26(1) 27(1) 32(1) -5(1) 10(1) -2(1) 
C31B2 28(1) 23(1) 24(1) -1(1) 12(1) 1(1) 
C32B2 34(1) 22(1) 26(1) 4(1) 7(1) 2(1) 
 
 
Table A.19.  Atomic coordinates (× 10–4) and equivalent isotropic displacement 
parameters (Å2 × 103) for 7. 
 
Atom  x y z U(eq) 
Al1A1 8809(1) 10370(1) 7335(1) 12(1) 
N1A1 8710(1) 8663(1) 7705(1) 11(1) 
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O1A1 9193(1) 9781(1) 6859(1) 14(1) 
C1A1 9334(1) 8595(2) 6751(1) 11(1) 
C2A1 9456(1) 8285(2) 6247(1) 12(1) 
C3A1 9389(1) 9281(2) 5814(1) 14(1) 
C4A1 8797(1) 9702(2) 5740(1) 15(1) 
C5A1 8391(1) 8785(2) 5714(1) 20(1) 
C6A1 7850(1) 9115(2) 5617(1) 28(1) 
C7A1 7706(1) 10367(2) 5540(1) 30(1) 
C8A1 8101(1) 11285(2) 5558(1) 26(1) 
C9A1 8641(1) 10958(2) 5658(1) 20(1) 
C10A1 9779(1) 10390(2) 5947(1) 16(1) 
C11A1 9518(1) 8736(2) 5291(1) 18(1) 
C12A1 9592(1) 7042(2) 6154(1) 13(1) 
C13A1 9600(1) 6082(2) 6526(1) 12(1) 
C14A1 9719(1) 4715(2) 6368(1) 15(1) 
C15A1 9394(1) 4456(2) 5843(1) 16(1) 
C16A1 8842(1) 4707(2) 5782(1) 23(1) 
C17A1 8530(1) 4516(2) 5316(1) 31(1) 
C18A1 8771(1) 4055(2) 4894(1) 32(1) 
C19A1 9311(1) 3792(2) 4948(1) 27(1) 
C20A1 9624(1) 3989(2) 5416(1) 20(1) 
C21A1 10330(1) 4562(2) 6355(1) 21(1) 
C22A1 9535(1) 3746(2) 6755(1) 22(1) 
C23A1 9480(1) 6419(2) 7016(1) 12(1) 
C24A1 9350(1) 7666(2) 7135(1) 11(1) 
C25A1 9241(1) 8000(2) 7679(1) 12(1) 
C26A1 8249(1) 7869(2) 7452(1) 14(1) 
C27A1 8216(1) 6548(2) 7671(1) 16(1) 
C28A1 8321(1) 5506(2) 7372(1) 24(1) 
C29A1 8306(1) 4283(2) 7569(1) 34(1) 
C30A1 8185(1) 4089(2) 8066(1) 35(1) 
C31A1 8067(1) 5103(2) 8362(1) 32(1) 
C32A1 8076(1) 6331(2) 8170(1) 23(1) 
C33A1 8606(1) 8994(2) 8236(1) 12(1) 
C34A1 8933(1) 8606(2) 8673(1) 14(1) 
C35A1 8805(1) 8976(2) 9161(1) 17(1) 
C36A1 8361(1) 9720(2) 9216(1) 21(1) 
C37A1 8036(1) 10113(2) 8777(1) 21(1) 
C38A1 8157(1) 9751(2) 8292(1) 17(1) 
C39A1 9246(1) 11423(2) 7834(1) 18(1) 
C40A1 8113(1) 10971(2) 7004(1) 18(1) 
Al1B2 6244(1) 2648(1) 7670(1) 13(1) 
N1B2 6320(1) 4386(1) 7331(1) 12(1) 
O1B2 5864(1) 3177(1) 8158(1) 18(1) 
C1B2 5680(1) 4320(2) 8268(1) 14(1) 
C2B2 5537(1) 4567(2) 8767(1) 15(1) 
C3B2 5644(1) 3558(2) 9191(1) 16(1) 
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C4B2 6255(1) 3358(2) 9291(1) 19(1) 
C5B2 6594(1) 4404(2) 9340(1) 28(1) 
C6B2 7147(1) 4270(3) 9464(1) 39(1) 
C7B2 7371(1) 3082(3) 9544(1) 41(1) 
C8B2 7041(1) 2042(3) 9497(1) 36(1) 
C9B2 6485(1) 2169(2) 9370(1) 25(1) 
C10B2 5457(1) 3994(2) 9707(1) 25(1) 
C11B2 5329(1) 2339(2) 9038(1) 24(1) 
C12B2 5350(1) 5768(2) 8869(1) 17(1) 
C13B2 5319(1) 6751(2) 8506(1) 17(1) 
C14B2 5143(1) 8065(2) 8676(1) 21(1) 
C15B2 5504(1) 8419(2) 9172(1) 17(1) 
C16B2 6061(1) 8459(2) 9161(1) 23(1) 
C17B2 6405(1) 8753(2) 9597(1) 30(1) 
C18B2 6195(1) 9012(2) 10059(1) 29(1) 
C19B2 5650(1) 8970(2) 10077(1) 24(1) 
C20B2 5304(1) 8673(2) 9639(1) 21(1) 
C21B2 4542(1) 8018(2) 8760(1) 30(1) 
C22B2 5213(1) 9078(2) 8267(1) 31(1) 
C23B2 5472(1) 6486(2) 8021(1) 15(1) 
C24B2 5645(1) 5277(2) 7895(1) 14(1) 
C25B2 5777(1) 5007(2) 7352(1) 14(1) 
C26B2 6762(1) 5191(2) 7615(1) 16(1) 
C27B2 6783(1) 6535(2) 7421(1) 18(1) 
C28B2 6663(1) 7523(2) 7738(1) 29(1) 
C29B2 6682(1) 8774(2) 7572(1) 41(1) 
C30B2 6818(1) 9045(2) 7088(1) 41(1) 
C31B2 6944(1) 8078(2) 6768(1) 33(1) 
C32B2 6932(1) 6832(2) 6930(1) 25(1) 
C33B2 6443(1) 4121(2) 6800(1) 16(1) 
C34B2 6101(1) 4467(2) 6368(1) 24(1) 
C35B2 6249(1) 4193(2) 5880(1) 34(1) 
C36B2 6726(1) 3587(2) 5817(1) 34(1) 
C37B2 7060(1) 3219(2) 6250(1) 26(1) 
C38B2 6919(1) 3481(2) 6740(1) 20(1) 
C39B2 5805(1) 1623(2) 7161(1) 23(1) 
C40B2 6946(1) 2071(2) 7994(1) 21(1) 
 
 
Table A.20.  Bond lengths (Å) and angles (deg) for 7. 
 
Atoms Bond length Atoms Bond length 
Al1A1-O1A1 1.7585(14) Al1B2-O1B2 1.7527(14) 
Al1A1-C39A1 1.955(2) Al1B2-C39B2 1.956(2) 
Al1A1-C40A1 1.959(2) Al1B2-C40B2 1.957(2) 
Al1A1-N1A1 2.0744(16) Al1B2-N1B2 2.0566(16) 
N1A1-C33A1 1.473(2) N1B2-C33B2 1.475(2) 
  
272 
  
N1A1-C25A1 1.508(2) N1B2-C25B2 1.510(2) 
N1A1-C26A1 1.517(2) N1B2-C26B2 1.523(2) 
O1A1-C1A1 1.340(2) O1B2-C1B2 1.336(2) 
C1A1-C24A1 1.399(2) C1B2-C24B2 1.399(3) 
C1A1-C2A1 1.416(3) C1B2-C2B2 1.409(3) 
C2A1-C12A1 1.387(3) C2B2-C12B2 1.389(3) 
C2A1-C3A1 1.539(2) C2B2-C3B2 1.538(3) 
C3A1-C4A1 1.535(3) C3B2-C4B2 1.534(3) 
C3A1-C10A1 1.540(3) C3B2-C10B2 1.538(3) 
C3A1-C11A1 1.544(3) C3B2-C11B2 1.540(3) 
C4A1-C9A1 1.394(3) C4B2-C9B2 1.389(3) 
C4A1-C5A1 1.398(3) C4B2-C5B2 1.391(3) 
C5A1-C6A1 1.391(3) C5B2-C6B2 1.390(3) 
C5A1-H5A1 0.95 C5B2-H5B2 0.95 
C6A1-C7A1 1.382(3) C6B2-C7B2 1.381(4) 
C6A1-H6A1 0.95 C6B2-H6B2 0.95 
C7A1-C8A1 1.381(3) C7B2-C8B2 1.371(4) 
C7A1-H7A1 0.95 C7B2-H7B2 0.95 
C8A1-C9A1 1.387(3) C8B2-C9B2 1.397(3) 
C8A1-H8A1 0.95 C8B2-H8B2 0.95 
C9A1-H9A1 0.95 C9B2-H9B2 0.95 
C10A1-H10A1 0.98 C10B2-H10A2 0.98 
C10A1-H10B1 0.98 C10B2-H10B2 0.98 
C10A1-H10C1 0.98 C10B2-H10C2 0.98 
C11A1-H11A1 0.98 C11B2-H11A2 0.98 
C11A1-H11B1 0.98 C11B2-H11B2 0.98 
C11A1-H11C1 0.98 C11B2-H11C2 0.98 
C12A1-C13A1 1.401(3) C12B2-C13B2 1.403(3) 
C12A1-H12A1 0.95 C12B2-H12B2 0.95 
C13A1-C23A1 1.388(3) C13B2-C23B2 1.385(3) 
C13A1-C14A1 1.541(2) C13B2-C14B2 1.538(3) 
C14A1-C21A1 1.536(3) C14B2-C22B2 1.533(3) 
C14A1-C22A1 1.540(3) C14B2-C21B2 1.538(3) 
C14A1-C15A1 1.540(3) C14B2-C15B2 1.540(3) 
C15A1-C20A1 1.393(3) C15B2-C20B2 1.389(3) 
C15A1-C16A1 1.394(3) C15B2-C16B2 1.393(3) 
C16A1-C17A1 1.385(3) C16B2-C17B2 1.383(3) 
C16A1-H16A1 0.95 C16B2-H16B2 0.95 
C17A1-C18A1 1.394(3) C17B2-C18B2 1.390(3) 
C17A1-H17A1 0.95 C17B2-H17B2 0.95 
C18A1-C19A1 1.368(3) C18B2-C19B2 1.365(3) 
C18A1-H18A1 0.95 C18B2-H18B2 0.95 
C19A1-C20A1 1.389(3) C19B2-C20B2 1.392(3) 
C19A1-H19A1 0.95 C19B2-H19B2 0.95 
C20A1-H20A1 0.95 C20B2-H20B2 0.95 
C21A1-H21A1 0.98 C21B2-H21A2 0.98 
C21A1-H21B1 0.98 C21B2-H21B2 0.98 
C21A1-H21C1 0.98 C21B2-H21C2 0.98 
C22A1-H22A1 0.98 C22B2-H22A2 0.98 
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C22A1-H22B1 0.98 C22B2-H22B2 0.98 
C22A1-H22C1 0.98 C22B2-H22C2 0.98 
C23A1-C24A1 1.400(3) C23B2-C24B2 1.400(3) 
C23A1-H23A1 0.95 C23B2-H23B2 0.95 
C24A1-C25A1 1.511(2) C24B2-C25B2 1.510(3) 
C25A1-H25A1 0.99 C25B2-H25A2 0.99 
C25A1-H25B1 0.99 C25B2-H25B2 0.99 
C26A1-C27A1 1.516(3) C26B2-C27B2 1.512(3) 
C26A1-H26A1 0.99 C26B2-H26A2 0.99 
C26A1-H26B1 0.99 C26B2-H26B2 0.99 
C27A1-C28A1 1.391(3) C27B2-C28B2 1.384(3) 
C27A1-C32A1 1.397(3) C27B2-C32B2 1.405(3) 
C28A1-C29A1 1.394(3) C28B2-C29B2 1.395(3) 
C28A1-H28A1 0.95 C28B2-H28B2 0.95 
C29A1-C30A1 1.373(4) C29B2-C30B2 1.369(4) 
C29A1-H29A1 0.95 C29B2-H29B2 0.95 
C30A1-C31A1 1.372(4) C30B2-C31B2 1.377(4) 
C30A1-H30A1 0.95 C30B2-H30B2 0.95 
C31A1-C32A1 1.394(3) C31B2-C32B2 1.386(3) 
C31A1-H31A1 0.95 C31B2-H31B2 0.95 
C32A1-H32A1 0.95 C32B2-H32B2 0.95 
C33A1-C34A1 1.389(3) C33B2-C34B2 1.387(3) 
C33A1-C38A1 1.397(3) C33B2-C38B2 1.388(3) 
C34A1-C35A1 1.399(3) C34B2-C35B2 1.389(3) 
C34A1-H34A1 0.95 C34B2-H34B2 0.95 
C35A1-C36A1 1.380(3) C35B2-C36B2 1.377(3) 
C35A1-H35A1 0.95 C35B2-H35B2 0.95 
C36A1-C37A1 1.392(3) C36B2-C37B2 1.385(3) 
C36A1-H36A1 0.95 C36B2-H36B2 0.95 
C37A1-C38A1 1.383(3) C37B2-C38B2 1.385(3) 
C37A1-H37A1 0.95 C37B2-H37B2 0.95 
C38A1-H38A1 0.95 C38B2-H38B2 0.95 
C39A1-H39A1 0.98 C39B2-H39A2 0.98 
C39A1-H39B1 0.98 C39B2-H39B2 0.98 
C39A1-H39C1 0.98 C39B2-H39C2 0.98 
C40A1-H40A1 0.98 C40B2-H40A2 0.98 
C40A1-H40B1 0.98 C40B2-H40B2 0.98 
C40A1-H40C1 0.98 C40B2-H40C2 0.98 
 
Atoms Bond angle Atoms Bond angle 
O1A1-Al1A1-C39A1 111.30(8) O1B2-Al1B2-C39B2 111.15(9) 
O1A1-Al1A1-C40A1 109.20(8) O1B2-Al1B2-C40B2 108.32(8) 
C39A1-Al1A1-C40A1 120.84(9) C39B2-Al1B2-C40B2 121.97(9) 
O1A1-Al1A1-N1A1 96.87(6) O1B2-Al1B2-N1B2 96.11(6) 
C39A1-Al1A1-N1A1 105.79(7) C39B2-Al1B2-N1B2 105.98(8) 
C40A1-Al1A1-N1A1 110.11(8) C40B2-Al1B2-N1B2 110.22(8) 
C33A1-N1A1-C25A1 113.29(14) C33B2-N1B2-C25B2 113.18(14) 
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C33A1-N1A1-C26A1 109.88(14) C33B2-N1B2-C26B2 110.44(15) 
C25A1-N1A1-C26A1 110.53(14) C25B2-N1B2-C26B2 110.17(14) 
C33A1-N1A1-Al1A1 105.68(11) C33B2-N1B2-Al1B2 105.67(11) 
C25A1-N1A1-Al1A1 103.65(11) C25B2-N1B2-Al1B2 104.47(11) 
C26A1-N1A1-Al1A1 113.67(11) C26B2-N1B2-Al1B2 112.74(11) 
C1A1-O1A1-Al1A1 130.73(12) C1B2-O1B2-Al1B2 131.97(13) 
O1A1-C1A1-C24A1 119.91(16) O1B2-C1B2-C24B2 120.27(17) 
O1A1-C1A1-C2A1 119.74(16) O1B2-C1B2-C2B2 119.48(17) 
C24A1-C1A1-C2A1 120.34(16) C24B2-C1B2-C2B2 120.22(17) 
C12A1-C2A1-C1A1 117.50(17) C12B2-C2B2-C1B2 117.96(18) 
C12A1-C2A1-C3A1 122.11(16) C12B2-C2B2-C3B2 122.28(17) 
C1A1-C2A1-C3A1 120.18(16) C1B2-C2B2-C3B2 119.48(16) 
C4A1-C3A1-C2A1 108.65(15) C4B2-C3B2-C10B2 106.25(16) 
C4A1-C3A1-C10A1 112.51(15) C4B2-C3B2-C2B2 108.13(16) 
C2A1-C3A1-C10A1 109.90(15) C10B2-C3B2-C2B2 111.87(16) 
C4A1-C3A1-C11A1 106.46(15) C4B2-C3B2-C11B2 113.53(17) 
C2A1-C3A1-C11A1 111.96(15) C10B2-C3B2-C11B2 106.51(17) 
C10A1-C3A1-C11A1 107.35(16) C2B2-C3B2-C11B2 110.53(16) 
C9A1-C4A1-C5A1 117.74(19) C9B2-C4B2-C5B2 118.1(2) 
C9A1-C4A1-C3A1 123.07(18) C9B2-C4B2-C3B2 122.52(19) 
C5A1-C4A1-C3A1 119.03(17) C5B2-C4B2-C3B2 119.28(18) 
C6A1-C5A1-C4A1 121.1(2) C6B2-C5B2-C4B2 121.2(2) 
C6A1-C5A1-H5A1 119.4 C6B2-C5B2-H5B2 119.4 
C4A1-C5A1-H5A1 119.4 C4B2-C5B2-H5B2 119.4 
C7A1-C6A1-C5A1 120.0(2) C7B2-C6B2-C5B2 120.2(2) 
C7A1-C6A1-H6A1 120 C7B2-C6B2-H6B2 119.9 
C5A1-C6A1-H6A1 120 C5B2-C6B2-H6B2 119.9 
C8A1-C7A1-C6A1 119.7(2) C8B2-C7B2-C6B2 119.2(2) 
C8A1-C7A1-H7A1 120.1 C8B2-C7B2-H7B2 120.4 
C6A1-C7A1-H7A1 120.1 C6B2-C7B2-H7B2 120.4 
C7A1-C8A1-C9A1 120.3(2) C7B2-C8B2-C9B2 120.9(2) 
C7A1-C8A1-H8A1 119.8 C7B2-C8B2-H8B2 119.5 
C9A1-C8A1-H8A1 119.8 C9B2-C8B2-H8B2 119.5 
C8A1-C9A1-C4A1 121.1(2) C4B2-C9B2-C8B2 120.4(2) 
C8A1-C9A1-H9A1 119.5 C4B2-C9B2-H9B2 119.8 
C4A1-C9A1-H9A1 119.5 C8B2-C9B2-H9B2 119.8 
C3A1-C10A1-H10A1 109.5 C3B2-C10B2-H10A2 109.5 
C3A1-C10A1-H10B1 109.5 C3B2-C10B2-H10B2 109.5 
H10A1-C10A1-H10B1 109.5 H10A2-C10B2-H10B2 109.5 
C3A1-C10A1-H10C1 109.5 C3B2-C10B2-H10C2 109.5 
H10A1-C10A1-H10C1 109.5 H10A2-C10B2-H10C2 109.5 
H10B1-C10A1-H10C1 109.5 H10B2-C10B2-H10C2 109.5 
C3A1-C11A1-H11A1 109.5 C3B2-C11B2-H11A2 109.5 
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C3A1-C11A1-H11B1 109.5 C3B2-C11B2-H11B2 109.5 
H11A1-C11A1-H11B1 109.5 H11A2-C11B2-H11B2 109.5 
C3A1-C11A1-H11C1 109.5 C3B2-C11B2-H11C2 109.5 
H11A1-C11A1-H11C1 109.5 H11A2-C11B2-H11C2 109.5 
H11B1-C11A1-H11C1 109.5 H11B2-C11B2-H11C2 109.5 
C2A1-C12A1-C13A1 123.58(17) C2B2-C12B2-C13B2 123.03(18) 
C2A1-C12A1-H12A1 118.2 C2B2-C12B2-H12B2 118.5 
C13A1-C12A1-H12A1 118.2 C13B2-C12B2-H12B2 118.5 
C23A1-C13A1-C12A1 117.38(17) C23B2-C13B2-C12B2 117.61(17) 
C23A1-C13A1-C14A1 123.52(16) C23B2-C13B2-C14B2 124.06(18) 
C12A1-C13A1-C14A1 119.07(16) C12B2-C13B2-C14B2 118.26(18) 
C21A1-C14A1-C22A1 108.04(16) C22B2-C14B2-C21B2 107.76(18) 
C21A1-C14A1-C15A1 113.01(16) C22B2-C14B2-C13B2 112.08(17) 
C22A1-C14A1-C15A1 107.28(16) C21B2-C14B2-C13B2 108.87(17) 
C21A1-C14A1-C13A1 108.98(16) C22B2-C14B2-C15B2 108.20(17) 
C22A1-C14A1-C13A1 111.85(15) C21B2-C14B2-C15B2 112.41(18) 
C15A1-C14A1-C13A1 107.74(15) C13B2-C14B2-C15B2 107.58(16) 
C20A1-C15A1-C16A1 117.48(19) C20B2-C15B2-C16B2 117.57(19) 
C20A1-C15A1-C14A1 123.33(18) C20B2-C15B2-C14B2 123.22(19) 
C16A1-C15A1-C14A1 119.18(17) C16B2-C15B2-C14B2 119.18(18) 
C17A1-C16A1-C15A1 121.8(2) C17B2-C16B2-C15B2 121.6(2) 
C17A1-C16A1-H16A1 119.1 C17B2-C16B2-H16B2 119.2 
C15A1-C16A1-H16A1 119.1 C15B2-C16B2-H16B2 119.2 
C16A1-C17A1-C18A1 119.5(2) C16B2-C17B2-C18B2 119.8(2) 
C16A1-C17A1-H17A1 120.2 C16B2-C17B2-H17B2 120.1 
C18A1-C17A1-H17A1 120.2 C18B2-C17B2-H17B2 120.1 
C19A1-C18A1-C17A1 119.4(2) C19B2-C18B2-C17B2 119.4(2) 
C19A1-C18A1-H18A1 120.3 C19B2-C18B2-H18B2 120.3 
C17A1-C18A1-H18A1 120.3 C17B2-C18B2-H18B2 120.3 
C18A1-C19A1-C20A1 121.0(2) C18B2-C19B2-C20B2 120.8(2) 
C18A1-C19A1-H19A1 119.5 C18B2-C19B2-H19B2 119.6 
C20A1-C19A1-H19A1 119.5 C20B2-C19B2-H19B2 119.6 
C19A1-C20A1-C15A1 120.8(2) C15B2-C20B2-C19B2 120.8(2) 
C19A1-C20A1-H20A1 119.6 C15B2-C20B2-H20B2 119.6 
C15A1-C20A1-H20A1 119.6 C19B2-C20B2-H20B2 119.6 
C14A1-C21A1-H21A1 109.5 C14B2-C21B2-H21A2 109.5 
C14A1-C21A1-H21B1 109.5 C14B2-C21B2-H21B2 109.5 
H21A1-C21A1-H21B1 109.5 H21A2-C21B2-H21B2 109.5 
C14A1-C21A1-H21C1 109.5 C14B2-C21B2-H21C2 109.5 
H21A1-C21A1-H21C1 109.5 H21A2-C21B2-H21C2 109.5 
H21B1-C21A1-H21C1 109.5 H21B2-C21B2-H21C2 109.5 
C14A1-C22A1-H22A1 109.5 C14B2-C22B2-H22A2 109.5 
C14A1-C22A1-H22B1 109.5 C14B2-C22B2-H22B2 109.5 
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H22A1-C22A1-H22B1 109.5 H22A2-C22B2-H22B2 109.5 
C14A1-C22A1-H22C1 109.5 C14B2-C22B2-H22C2 109.5 
H22A1-C22A1-H22C1 109.5 H22A2-C22B2-H22C2 109.5 
H22B1-C22A1-H22C1 109.5 H22B2-C22B2-H22C2 109.5 
C13A1-C23A1-C24A1 121.49(17) C13B2-C23B2-C24B2 121.36(18) 
C13A1-C23A1-H23A1 119.3 C13B2-C23B2-H23B2 119.3 
C24A1-C23A1-H23A1 119.3 C24B2-C23B2-H23B2 119.3 
C1A1-C24A1-C23A1 119.67(16) C1B2-C24B2-C23B2 119.76(18) 
C1A1-C24A1-C25A1 120.61(16) C1B2-C24B2-C25B2 120.49(16) 
C23A1-C24A1-C25A1 119.71(16) C23B2-C24B2-C25B2 119.72(17) 
N1A1-C25A1-C24A1 113.46(14) N1B2-C25B2-C24B2 113.67(15) 
N1A1-C25A1-H25A1 108.9 N1B2-C25B2-H25A2 108.8 
C24A1-C25A1-H25A1 108.9 C24B2-C25B2-H25A2 108.8 
N1A1-C25A1-H25B1 108.9 N1B2-C25B2-H25B2 108.8 
C24A1-C25A1-H25B1 108.9 C24B2-C25B2-H25B2 108.8 
H25A1-C25A1-H25B1 107.7 H25A2-C25B2-H25B2 107.7 
C27A1-C26A1-N1A1 114.49(15) C27B2-C26B2-N1B2 114.33(15) 
C27A1-C26A1-H26A1 108.6 C27B2-C26B2-H26A2 108.7 
N1A1-C26A1-H26A1 108.6 N1B2-C26B2-H26A2 108.7 
C27A1-C26A1-H26B1 108.6 C27B2-C26B2-H26B2 108.7 
N1A1-C26A1-H26B1 108.6 N1B2-C26B2-H26B2 108.7 
H26A1-C26A1-H26B1 107.6 H26A2-C26B2-H26B2 107.6 
C28A1-C27A1-C32A1 117.98(19) C28B2-C27B2-C32B2 117.9(2) 
C28A1-C27A1-C26A1 119.94(18) C28B2-C27B2-C26B2 119.62(19) 
C32A1-C27A1-C26A1 122.08(18) C32B2-C27B2-C26B2 122.43(18) 
C27A1-C28A1-C29A1 121.1(2) C27B2-C28B2-C29B2 121.0(2) 
C27A1-C28A1-H28A1 119.4 C27B2-C28B2-H28B2 119.5 
C29A1-C28A1-H28A1 119.4 C29B2-C28B2-H28B2 119.5 
C30A1-C29A1-C28A1 120.1(2) C30B2-C29B2-C28B2 120.2(2) 
C30A1-C29A1-H29A1 119.9 C30B2-C29B2-H29B2 119.9 
C28A1-C29A1-H29A1 119.9 C28B2-C29B2-H29B2 119.9 
C31A1-C30A1-C29A1 119.6(2) C29B2-C30B2-C31B2 119.8(2) 
C31A1-C30A1-H30A1 120.2 C29B2-C30B2-H30B2 120.1 
C29A1-C30A1-H30A1 120.2 C31B2-C30B2-H30B2 120.1 
C30A1-C31A1-C32A1 120.9(2) C30B2-C31B2-C32B2 120.6(2) 
C30A1-C31A1-H31A1 119.6 C30B2-C31B2-H31B2 119.7 
C32A1-C31A1-H31A1 119.6 C32B2-C31B2-H31B2 119.7 
C31A1-C32A1-C27A1 120.2(2) C31B2-C32B2-C27B2 120.4(2) 
C31A1-C32A1-H32A1 119.9 C31B2-C32B2-H32B2 119.8 
C27A1-C32A1-H32A1 119.9 C27B2-C32B2-H32B2 119.8 
C34A1-C33A1-C38A1 119.42(17) C34B2-C33B2-C38B2 119.74(19) 
C34A1-C33A1-N1A1 123.49(17) C34B2-C33B2-N1B2 122.65(18) 
C38A1-C33A1-N1A1 117.08(16) C38B2-C33B2-N1B2 117.61(17) 
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C33A1-C34A1-C35A1 119.45(18) C33B2-C34B2-C35B2 119.1(2) 
C33A1-C34A1-H34A1 120.3 C33B2-C34B2-H34B2 120.4 
C35A1-C34A1-H34A1 120.3 C35B2-C34B2-H34B2 120.4 
C36A1-C35A1-C34A1 121.11(18) C36B2-C35B2-C34B2 121.5(2) 
C36A1-C35A1-H35A1 119.4 C36B2-C35B2-H35B2 119.3 
C34A1-C35A1-H35A1 119.4 C34B2-C35B2-H35B2 119.3 
C35A1-C36A1-C37A1 119.22(19) C35B2-C36B2-C37B2 119.1(2) 
C35A1-C36A1-H36A1 120.4 C35B2-C36B2-H36B2 120.4 
C37A1-C36A1-H36A1 120.4 C37B2-C36B2-H36B2 120.4 
C38A1-C37A1-C36A1 120.25(19) C38B2-C37B2-C36B2 120.1(2) 
C38A1-C37A1-H37A1 119.9 C38B2-C37B2-H37B2 119.9 
C36A1-C37A1-H37A1 119.9 C36B2-C37B2-H37B2 119.9 
C37A1-C38A1-C33A1 120.55(18) C37B2-C38B2-C33B2 120.36(19) 
C37A1-C38A1-H38A1 119.7 C37B2-C38B2-H38B2 119.8 
C33A1-C38A1-H38A1 119.7 C33B2-C38B2-H38B2 119.8 
Al1A1-C39A1-H39A1 109.5 Al1B2-C39B2-H39A2 109.5 
Al1A1-C39A1-H39B1 109.5 Al1B2-C39B2-H39B2 109.5 
H39A1-C39A1-H39B1 109.5 H39A2-C39B2-H39B2 109.5 
Al1A1-C39A1-H39C1 109.5 Al1B2-C39B2-H39C2 109.5 
H39A1-C39A1-H39C1 109.5 H39A2-C39B2-H39C2 109.5 
H39B1-C39A1-H39C1 109.5 H39B2-C39B2-H39C2 109.5 
Al1A1-C40A1-H40A1 109.5 Al1B2-C40B2-H40A2 109.5 
Al1A1-C40A1-H40B1 109.5 Al1B2-C40B2-H40B2 109.5 
H40A1-C40A1-H40B1 109.5 H40A2-C40B2-H40B2 109.5 
Al1A1-C40A1-H40C1 109.5 Al1B2-C40B2-H40C2 109.5 
H40A1-C40A1-H40C1 109.5 H40A2-C40B2-H40C2 109.5 
H40B1-C40A1-H40C1 109.5 H40B2-C40B2-H40C2 109.5 
 
 
Table A.21. Anisotropic displacement parameters (Å2 × 103) for 7. 
 
Atoms U11 U22 U33 U23 U13 U12 
Al1A1 13(1) 11(1) 11(1) -1(1) 2(1) 1(1) 
N1A1 10(1) 13(1) 10(1) -1(1) 2(1) 1(1) 
O1A1 19(1) 10(1) 14(1) 0(1) 5(1) 3(1) 
C1A1 8(1) 11(1) 14(1) -1(1) 2(1) -1(1) 
C2A1 11(1) 12(1) 12(1) 0(1) 2(1) 0(1) 
C3A1 14(1) 15(1) 12(1) 2(1) 3(1) 2(1) 
C4A1 16(1) 20(1) 8(1) 0(1) 2(1) 1(1) 
C5A1 19(1) 26(1) 16(1) 0(1) 2(1) -2(1) 
C6A1 18(1) 49(2) 18(1) -4(1) 1(1) -6(1) 
C7A1 17(1) 54(2) 20(1) 1(1) 2(1) 12(1) 
C8A1 24(1) 36(1) 17(1) 2(1) 5(1) 14(1) 
C9A1 20(1) 25(1) 14(1) 1(1) 3(1) 4(1) 
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C10A1 14(1) 16(1) 19(1) 3(1) 4(1) 0(1) 
C11A1 24(1) 16(1) 14(1) 2(1) 6(1) 3(1) 
C12A1 13(1) 16(1) 12(1) 0(1) 3(1) 1(1) 
C13A1 11(1) 12(1) 14(1) 0(1) 1(1) 1(1) 
C14A1 18(1) 13(1) 14(1) 0(1) 4(1) 4(1) 
C15A1 23(1) 11(1) 15(1) 0(1) 3(1) 2(1) 
C16A1 26(1) 20(1) 23(1) -6(1) 2(1) 3(1) 
C17A1 28(1) 28(1) 34(1) -6(1) -7(1) 4(1) 
C18A1 47(2) 25(1) 22(1) -2(1) -8(1) 1(1) 
C19A1 43(2) 20(1) 18(1) -2(1) 6(1) -2(1) 
C20A1 29(1) 15(1) 18(1) -1(1) 6(1) 0(1) 
C21A1 22(1) 21(1) 22(1) -2(1) 2(1) 8(1) 
C22A1 34(1) 13(1) 18(1) 1(1) 6(1) 4(1) 
C23A1 10(1) 14(1) 13(1) 3(1) 1(1) 1(1) 
C24A1 9(1) 14(1) 10(1) -1(1) 1(1) 1(1) 
C25A1 11(1) 14(1) 11(1) 0(1) 1(1) 1(1) 
C26A1 11(1) 16(1) 14(1) -1(1) 0(1) 0(1) 
C27A1 9(1) 17(1) 24(1) 1(1) 0(1) -2(1) 
C28A1 14(1) 22(1) 37(1) -3(1) 8(1) -2(1) 
C29A1 19(1) 17(1) 68(2) -4(1) 11(1) -2(1) 
C30A1 16(1) 21(1) 66(2) 15(1) 1(1) -3(1) 
C31A1 25(1) 32(1) 36(1) 14(1) -7(1) -13(1) 
C32A1 22(1) 23(1) 24(1) 1(1) -1(1) -9(1) 
C33A1 15(1) 11(1) 12(1) -1(1) 4(1) -2(1) 
C34A1 14(1) 13(1) 15(1) 0(1) 1(1) -1(1) 
C35A1 19(1) 21(1) 12(1) 1(1) 0(1) -1(1) 
C36A1 24(1) 26(1) 13(1) -1(1) 6(1) 2(1) 
C37A1 22(1) 24(1) 18(1) 0(1) 7(1) 8(1) 
C38A1 18(1) 18(1) 14(1) 1(1) 3(1) 4(1) 
C39A1 22(1) 15(1) 18(1) -2(1) 2(1) -2(1) 
C40A1 18(1) 20(1) 17(1) 3(1) 2(1) 3(1) 
Al1B2 14(1) 11(1) 15(1) -1(1) 1(1) 1(1) 
N1B2 10(1) 13(1) 13(1) -2(1) -1(1) 1(1) 
O1B2 23(1) 11(1) 20(1) 0(1) 6(1) 3(1) 
C1B2 11(1) 11(1) 19(1) -3(1) 2(1) 1(1) 
C2B2 11(1) 14(1) 19(1) -1(1) 1(1) 0(1) 
C3B2 16(1) 17(1) 17(1) -1(1) 5(1) 1(1) 
C4B2 20(1) 25(1) 12(1) 1(1) 2(1) 3(1) 
C5B2 22(1) 32(1) 27(1) 5(1) -2(1) 0(1) 
C6B2 24(1) 57(2) 34(1) 7(1) -5(1) -6(1) 
C7B2 21(1) 73(2) 27(1) 7(1) -1(1) 12(1) 
C8B2 36(2) 48(2) 22(1) 3(1) 2(1) 24(1) 
C9B2 30(1) 29(1) 18(1) 2(1) 5(1) 9(1) 
C10B2 27(1) 26(1) 22(1) -1(1) 6(1) 3(1) 
C11B2 29(1) 19(1) 23(1) 0(1) 6(1) -4(1) 
C12B2 12(1) 20(1) 17(1) -3(1) 1(1) 0(1) 
C13B2 12(1) 16(1) 21(1) -4(1) -3(1) 2(1) 
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C14B2 22(1) 16(1) 24(1) -4(1) -2(1) 6(1) 
C15B2 18(1) 11(1) 21(1) -1(1) 1(1) 3(1) 
C16B2 20(1) 26(1) 24(1) -7(1) 5(1) -1(1) 
C17B2 18(1) 38(1) 34(1) -9(1) 1(1) -3(1) 
C18B2 24(1) 35(1) 26(1) -5(1) -4(1) -4(1) 
C19B2 26(1) 28(1) 20(1) -2(1) 4(1) -4(1) 
C20B2 19(1) 21(1) 24(1) -3(1) 3(1) -3(1) 
C21B2 21(1) 32(1) 37(1) -19(1) -7(1) 10(1) 
C22B2 48(2) 17(1) 25(1) -4(1) -5(1) 12(1) 
C23B2 12(1) 15(1) 18(1) 1(1) -3(1) 1(1) 
C24B2 11(1) 14(1) 17(1) -3(1) 1(1) 0(1) 
C25B2 11(1) 13(1) 18(1) 0(1) 0(1) 3(1) 
C26B2 12(1) 18(1) 17(1) -3(1) 0(1) -1(1) 
C27B2 10(1) 16(1) 28(1) -2(1) 0(1) -1(1) 
C28B2 20(1) 21(1) 49(2) -8(1) 11(1) -4(1) 
C29B2 26(1) 21(1) 79(2) -11(1) 16(1) 0(1) 
C30B2 19(1) 20(1) 85(2) 14(1) 6(1) -1(1) 
C31B2 22(1) 30(1) 46(2) 15(1) -3(1) -5(1) 
C32B2 20(1) 23(1) 31(1) 4(1) 0(1) -5(1) 
C33B2 20(1) 14(1) 13(1) 0(1) 2(1) 0(1) 
C34B2 20(1) 29(1) 21(1) 0(1) -1(1) 5(1) 
C35B2 34(1) 51(2) 16(1) 0(1) -1(1) 10(1) 
C36B2 36(2) 48(2) 17(1) -5(1) 5(1) 8(1) 
C37B2 27(1) 31(1) 22(1) -4(1) 6(1) 10(1) 
C38B2 22(1) 20(1) 18(1) 0(1) 1(1) 4(1) 
C39B2 26(1) 18(1) 23(1) -4(1) -1(1) -1(1) 
C40B2 21(1) 21(1) 21(1) 4(1) 2(1) 4(1) 
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